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SUMMARY 


A  technique  h»s~be"n^deve loped  for  examining .  at  model  scale  and  in 
a  low-speed  wind-tunnel,  the  aerodynamic  excitation  responsible  for  air¬ 
craft  vibration  at  f light  speeds  where  '.Inch  number  does  not  have  an 
important  effect.  The  basic  measurements  are  of  the  total  intensity 
and  spectrum  function  of  the  pressure  fluctuations,  and  a  description 
is  given  of  the  capacity-type  transducers  and  the  associated  electronic 
equipment  used.  Problwts  of  ~'.ss,irei?x,q!:>  presentation  and  interpreta¬ 
tion  of  the  data  are  discussed;  and,  to  illustrate  the  usefulness  and 
limitations  of  the  technique,  examples  are  given  of  its  application  to 
the  specific  problems  of  aircraft  vibration  induced  by  (lying  with 
i»i4*»r  open  bomb-doors  or  extended  air-brakes,  or  at  ari  incidence  where 
appreciable  flow  separation  occurs  over  the  wings.  Consideration  is 
given  to  the  use  of  correlation  measurements,  and  to  the  extension  of 
the  t.eciinique  to  testing  at  transonic  speeds. 


SOMMAIRE 


Une  technique  a  £te  mise  ad  point  permettant  d’ examiner  a  1’echelle 
maquette  e»  soufflerie  k  faible  vitesse  1’excitatlon  aerodynanique  pou- 
vant  donner  lieu  k  des  vibrations  aux  vitesses  peu  influenced  par  le 
nomhre  de  Mach.  Les  mesures  fondamentales  pffectuees  ont.  porte  sur 
1’ intensite  totale  et  la  fonction  spectrale  des  variations  de  pressions; 
or,  deerit  les  manometres  a  capncite  et  1’  electronique  associe  utilises. 

Les  questions  interessant  la  tnesure,  la  presentation  et  r  interpretation 
des  r£sultat,s  obtenus  sont  ensuite  discutees.  Pcur  demontrer  1’utilite 
ninsi  que  les  limitations  de  cctte  technique,  des  exemples  sont  cites 
de  1’ application  de  la  methode  aux  problemes  particulars  des  vibrations 
induitss  par  le  vol  pendant  lequel  les  trappes-bombes  sont  restees 
ouvertes  ou  les  aero-freins  ont  cte  sortis,  ou  bien  par  le  vol  k  une 
Incidence  caracterise'e  par  un  decollement  sensible  sur  les  ailes.  L’  emfloi 
do  mesures  correlatives  est  considere  ainsi  que  1’ extension  de  la  tech¬ 
nique  k  des  essais  aux  vitesses  transsoniques. 
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TECHNIQUES  OE  PRESSURE  -  FLUCTUATION  MEASUREMENTS 
EMPLOYED  IN  THE  RAE  LOW -  SPEED  WIND-TUNNELS 
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T.B.  Owen* 


1.  INTRODUCTION 

There  are  many  Instances  where  aircraft  vibration  can  be  excited  aerodynamical ly: 
for  example,  in  flight  with  open  bomb-doors,  with  extended  airbrakes,  or  at  speeds 
or  attitudes  at  which  extensive  flow  separations  occur.  The  measurement,  at  model 
scale,  of  the  pressure  fluctuations  which  excite  the  vibration,  and  the  subsequent 
extrapolation  to  full-scale  conditions  are  therefore  of  considerable  importance; 
and  some  of  the  techniques  and  methods  of  approach  which  may  be  used  are  considered 
ir.  detail  in  this  paper.  The  problems  discussed  ar»  all  ones  in  which  Mach  number 
does  not  have  an  appreciable  effect,  and  the  techniques  described  have  been  developed 
specifically  for  use  in  low-speed  wind-tunnels;  some  mention  is  made,  however,  of 
the  further  problems  expected  In  extending  the  model  techniques  to  transonic  speeds. 

The  first  application  of  the  technique  was  to  a  problem  of  aircraft  vibration  which 
occurred  when  the  bomb-doors  were  open;  a  brief  historical  summary  of  this  investi¬ 
gation,  given  below,  brings  out  a  number  of  points  which  have  been  found  relevant  to 
all  subsequent  investigations.  A  flight  investigation  had  disclosed  three  character¬ 
istic  properties  of  the  vibration:  its  intensity  was,  at  all  points  measured,  approxi¬ 
mately  proportional  to  the  dynamic  head  (fyoV*)  and  independent  of  Mach  number,  with¬ 
in  the  speed  range  of  the  aircraft  in  question;  the  greater  part  of  the  vibration 
corresponded  to  excitation  of  the  vertical  and  lateral  flexural  inodes  of  the  fuselage, 
within  the  frequency  range  6  to  10  cycles /sec,  and  the  vibration  at  points  on  the  rear 
fuselage  was  very  Irregular,  with  no  preferred  frequency,  suggesting  its  cause  to  be 
a  randon  aerodynamic  disturbance.  Since  these  characteristics  were  consistent  with 
-  ..I;..;  -  the  aircraft  structure,  it  seemed  worth*-: il:  examine  the 

nil’.-'-  w-rodynamlc  fo-  Ing  field  In  the  absence  of  response  effects  and  at 

model  scale.  Cue  measurement  and  analysis  of  the  f luctuat ing-pressure  field  on  an 
effectively  .  lgid  niodel  of  the  aircraft  in  a  low-speed  wind-tunnel  was  thereiore  under¬ 
taken  to  throw  light  upon  the  basic  causes  of  the  aircraft  vibration,  and  to  indicate 
the  effectiveness  of  modifications  designed  to  reduce  them. 

Preliminary  tests  were  made  in  late  1952  using  some  existing  transducers  of  the 
"amiable-capacitance  type  together  with  their  associated  pre-amplifier,  and  in  con¬ 
junction  with  a  wave-analyser  which  operated  on  the  scanning  principle.  The  results 
obtained  showed  that  significant  pressure  fluctuations  were  confined  to  the  neighbour¬ 
hood  of  the  rear  bulkhead  of  the  bomb-bay,  but  that  they  were  of  too  random  a  nature 
for  a  spectrum  analysis  to  be  possible  with  the  equipment  used.  The  original  analyser 
was  accordingly  discarded  and  replaced  by  the  final  stage  of  an  existing  amplifier 
(originally  designed  for  use  with  hot-wire  anemometers)  together  with  a  tunable  wave- 
analyser.  and  further  experiments  immediately  established  the  important  result  that 
both  the  root -mean -square  intensity  and  the  spectrum  function  of  the  pressure-f luctu  i  - 
tions  were  proportional  to  the  dynamic  head,  and  could  consequently  be  usefully  expressed 
non-dimensionnlly  in  the  same  way  as  steady  pressures. 


’  United  Kingdom 


BestAvailahle  Copy 


2 


These  results  agreed  qualitatively  with  those  obtained  In  flight  in  that  they 
indicated  random  aerodynamic  excitation  with  no  detectable  scale  effect.  They  there¬ 
fore  suggested  that  the  non-dimensional  results  were  applicable  to  the  full-scale 
aircraft,  and  in  particular  it  became  possible  to  define,  and  to  concentrate  attention 
upon,  a  frequency  range  for  t.he  model  scale  which  corresponded  to  the  band  containing 
the  dominant  full-scale  vibrations.  In  view  of  the  narrowness  of  the  frequency  band 
in  question,  the  intensity  ’n  this  hand  “cemed  to  offer  a  better  indication  of  the 
relevant,  excitation  than  did  the  total  intensity,  especially  when  considering  the 
probable  effectiveness  of  mod i f icatlons,  which  are  apt  to  change  both  total  intensity 
and  the  spectrum  shape. 

These  early  wind-tunnel  experiments  established  the  usefulness  of  thp  technique  and, 
with  improvements  in  both  the  transducers  and  uhe  associated  electronic  equipment, 
further  applications  followed,  notably  to  the  examination  of  the  f luetuah ing-pressure 
fields: 

(a)  Associated  with  bomb-bay  buffeting,  using  a  generalised  model  consisting  of  a 
cylindrical  body  in  which  the  cavity  shape  could  be  systematically  varied  with 
various  bomb-door  configurations  fitted 

(b)  On  a  body  in  the  vicinity  of  an  air-brake 

(c)  On  thin  wings  under  various  mean-flow  conditions. 

All  the  experiments  were  confined  to  low  speeds  (below  M  =  0.3),  and  the  absence 
of  scale  effect,  within  the  available  wind-tunnel  speed  range,  was  again  confirmed  in 
all  cases.  The  further  experience  with  the  technique  served  also  to  emphasize  the 
earlier  conclusion  that  it  was  essential  to  determine  spectra  as  well  as  the  total 
intensity  of  the  pressure  fluctuations,  and  these  together  were  considered  to  provide  the 
minimum  amount  of  data  from  which  useful  inferences  could  be  drawn. 

in  addition  to  the  application  of  the  pressure- transducer  considered  here,  both  the 
hot-wire  and  the  3train-gauge  are  available  for  the  iMasurement  of  velocity  fluctua¬ 
tions  and  load  or  moment  fluctuations  respectively.  Each  of  these  techniques  may  be 
used  in  low-speed  wind-tunnel  investigations  into  the  causes  of  buffeting:  but  a 
complete  examination  of  their  relative  usefulness  is  beyond  the  scope  of  this  paper, 
the  purpose  of  which  is  to  demonstrate  the  experimental  methods,  and  ‘y. particular 
advantages  and  limitations,  associated  with  the  use  of  the  pressure-transducer.  The 
equipment  required  is  considered  in  Section  2  of  the  paper,  where  the  present  designs 
of  transducer  and  the  associated  electronic  equipment  are  described  in  detail.  This 
section  also  Includes  a  discussion  of  the  methods  of  reduction  and  presentation  of  the 
basic  measurements,  the  tots!  intensity,  and  spectra  of  the  pressure-fluctuations. 

This  is  followed,  in  Section  3,  by  a  discussion  of  the  accuracy  of  the  basic  measure* 
i!«-nr ...  unit  ,.f  the  methods  available  for  widening  the  scope  of  the  technique,  additional 
measurements  which  can  be  made  arc-  considered  in  the  same  section.  The  use  and  limita¬ 
tions  or  the  data  which  can  be  obtained  are  indicated  finally,  in  Section  4,  wher® 
a  number  of  particular  applications  c.'  the  technique  are  discussed.  nsideration  is 
given  in  this  section  to  the  difficulties  both  o I  measurements  and  o;  interpretation, 
and  to  situations  where  other  techniques  might  be  more  appropriate. 
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2.  WETHOnS  OF  MEASUREMENT  AND  PRESENTATION  OF  THE  BASIC 

PRESSURE -FLUCTUATION  DATA 

2.1  Prtjsure-Tramductrs 

The  transducers  are  of  the  variable-capacitance  type  and  the  two  designs  most  used 
are  those  shewn  in  Figures  la  and  lb.  The  diaphragms  are  of  beryllium  copper  and  the 
transducer  bodies  of  brass,  which  has  a  similar  coefficient  of  expansion.  The  fixed 
plate  of  the  condenser  is  insulated  from  the  body  of  the  transducer  by  a  Tufnol  cup. 
the  fhree  parts  being  cemented  together  with  Araldite.  After  cementing,  the  common 
face  is  machined  flat  and  a  small  step  Introduced  at  the  rim,  as  shown  In  Figure  1. 

This  step,  of  0.0030  In.  for  the  larger  transducer  and  0.00-35  in.  for  the  smaller, 
in  conjunction  with  a  shim  0.0040  in.  thick,  gives  a  nominal  gap  between  the  diaphragm 
and  fixed  plate  of  0.0010  in.  for  the  larger  transducer  and  0.0005  in.  for  the 
smaller  one. 

For  investigations  In  separated  air-flows  at  wind-tunnel  speeds  of  100  to  150  ft/sec 
the  two  requirements  for  the  transducers  are: 

(a)  A  sensitivity  of  about  0.5  Pf/in.  of  water 

(b)  An  ability  to  withstand  a  positive  pressure  difference  of  at  least  4  In.  of 
water  without  the  diaphragm  coming  into  contact  with  the  fixed  plate. 

These  two  conditions  are  satisfied  with  a  diaphragm  thickness  of  0.007  in.  for  the 
larger  transducer  and  0.004  In.  for  the  smaller.  The  inevitable  slight  lack  of  flatness 
the  diaphragms  makes  it  necessary  to  tune  each  Individual  transducer  by  trial  assembly, 
using  each  of  a  number  of  diaphragms  with  various  reduced  shims,  of  from  0.0038  to 
0.0040  in.  in  thickness,  to  find  a  suitable  combination. 

The  sensitivity  of  about  0.5  Pf/in.  of  water  appears  to  represent  the  highest  value 
conveniently  attainable  with  the  smaller  transducers  as  they  are  at  present  constructed. 
The  larger  transducers,  however,  can  easily  be  made  more  sensitive  by  reduction  of  the 
diaphragm  thickness  and/or  the  gap  between  the  diaphragm  and  the  fixed  plate,  ami 
sensitivities  as  high  as  8  Pf/in.  of  water  have  been  used  for  special  purposes,  though 
with  a  reduced  maximum  permissible  pressure-difference. 

2.2  Electronic  Equipment 

Figure  2  shows  the  general  arrangement  of  the  associated  electronic  equipment  for 
the  measurement  and  analysis  of  the  pressure  fluctuations.  The  transducers  are  used 
with  a  Southern  Instruments  oscillator  and  pre-amplifier.  This  is  a  frequency-modu¬ 
lated  system  using  a  2-megacycle/sec  carrier  with  an  'N-shaped'  response  curve, 
giving  a  nearly  constant  sensitivity  ol  0.4  volts/Pf  over  a  range  of  50  Pf.  The  out¬ 
put  of  the  pre-amplifier  can  be  taken  to  a  high-resistance  voltmeter  (1  megohm/volt) 
for  direct  calibration  of  the  transducer  from  pressure  to  voltage,  or  alternatively 
to  an  amplifier  with  a  wide  frequency-range  for  measurement  of  pressure  fluctuations. 
This  amplifier  is  basically  the  final  stages  of  one  designed1  at  tne  R.A.E.  for  use 
with  hot-wire  anemometers;  its  output  stage  has  been  modified  for  the  present  purpose, 
and  it  has  a  nominal  usable  frequency  range  from  i.4  to  50,000  cycles/sec.  A  thermo- 
lunction  is  incorporated  m  one  of  the  final  stages  of  the  amplifier  and  is  connected 
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to  ;i  su  i  tab  Ip  D.C.  galvanometer.  The  reading  of  this  galvanometer  is  then  propor¬ 
tional  to  thp  mean-square  amplitude  of  any  alternating  Input  voltage  irrespective  of 
f n'querev,  within  the  frequency  range  of  the  amplifier.  An  uncalibrated  input 
attenuator  on  the  amplifier  can  be  adjusted  to  give  a  standard  reading  on  the  thermo- 
lunct ion -galvanometer  irrespective  of  input,  in  the  range  3.5mV  to  350mV;  the  input 
to  the  amplifier  can  then  be  taken  from  the  microvolter,  the  output  of  which  can  be 
admated  to  give  the  same  reading  on  the  thermo-J unction-galvanometer  as  that  pro¬ 
duced  by  the  signal  from  the  pre-amplifier:  the  reading  of  the  microvolter,  which 
when  excited  from  a  suitable  oscillator  acts  as  a  calibrated  attenuator  covering  a 
root-menn-squure  range  of  to  IV,  is  then  equal  to  the  root-mean-square  output  of 
the  pre-amplifier.  This  value  may  finally  be  converted  Into  the  root -mean -square 
total  intensity  of  the  pressure  fluctuation  by  means  of  the  calibration  between 
steady  pressures  and  voltages  previously  obtained. 

If  it  is  required  to  measure  the  spectrum  density  of  the  pressure- fluctuations, 
the  amplifier  output  can  he  fed  direct  into  the  analyser  section  or  iccorded  on 
magnetic  tape  for  subsequent  play-back  Into  the  analyser.  The  analyser  used  is  the 
Muirhead-Pumetrada  D-489  which  covers  the  frequency  range  20  cycles/sec  to  20,000 
eyeles/sec  and  has  four  possible  bandwidth  ratios:  1.5%,  3.0%,  4.8%  and  15.5%  of 
the  tuned  frequency.  The  method  of  obtaining  these  four  bandwidths  is  of  interest. 

Thi>  analyser  consists  of  two  tuned  amplifiers  in  series;  to  obtain  the  1.5%  band¬ 
width  ratio  both  amplifiers  are  in  series  giving  a  combined  Q-factor  of  80,  and  for 
the  3.0%  bandwidth  ratio  one  amplifier  is  switched  out  giving  a  Q-factor  of  50.  For 
the  4,8%  bandwidth  ratio  the  two  amplfiers  are  again  in  series,  but  the  tuned  fre¬ 
quencies  of  the  amplifiers  are  respectively  +1.5%  and  -1.5%  from  the  frequency  set 
on  the  analyser:  similarly  the  15.5%  bandwidth  ratio  is  obtained  with  both  amplifiers 
in  series,  with  their  frequencies  +5%  and  -5%  from  the  selected  frequency.  Typical 
response  curves  are  shown  in  Figure  3  and  it  can  be  seen  that  the  4.6%,  and  more 
particularly  the  15.5%,  bandwidth  rah1-'  obtained  in  this  way  is  a  better  approximation 
to  the  Ideal  ‘square’  response  c  '»fc  tear,  the  timed  circuit  curves  cf  the  1.5% 

and  3.0%  bandwidth  ratios.  The  low  -fr.  qu'' ,iey  rsnye  oi  the  analyser  is  extended  to 
include  2  to  20  cycles/sec  by  introducing  a  low-frequency  modulator,  which  basically 
ados  50  eyeles/sec  to  the  frequency  of  any  incoming  signal,  so  that  this  range  becomes 
52  to  70  cycles/nec,  which  is  then  wit.nin  the  range  of  the  analyser.  This  method  of 
obtaining  the  low-frequency  range  leads  to  some  complications  with  regard  to  bandwidth 
variation  which  will  be  discussed  in  Section  2.3.3. 

Two  modifications  have  been  made  to  the  analyser  as  supplied  by  the  makers.  Firstly 
a  thermo- junction  feeding  a  suitable  D.C.  galvanometer  has  been  introduced  into  the 
output  circuit,  and  the  rectifier-type  instrument  on  the  analyser  switched  out,  The 
operator  takes  a  mean  of  the  galvanometer  reading  by  eye,  and  this  modification 
enables  the  required  mean  of  a  squared  output  to  be  taken  rather  than  a  simple  mean, 
as  would  have  heen  obtained  from  the  instrument  fed  through  a  rectifier;  also,  some 
necessary  damping  of  the  analysed  signal,  which  may  be  varying  rapidly  by  as  much  as 
two  nr  three  to  one,  is  introduced.  Secondly,  the  three-to-one  steps  of  the  analyser 
input-attenuator  were  then  too  large  for  an  output- instrument  reading  proportional  to 
the  square  of  the  signal,  and  a  logarithmic  potentiometer  was  constructed  to  replace 
the  analyser  attenuator,  which  was  then  locked  or.  its  3mV  setting.  The  logarithmic 
potentiometer  covers  a  1000  to  1  range  in  100  steps  (i  e.  with  a  gain  of  1.072  per 
-repi,  and  the  output-galvanometer  is  scaled  over  the  range  0.90  to  1.10. 
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In  -..s<>  the  amplifier,  adjusted  as  described  earlier,  supplies  the  fluctuating 
signal  for  analysis  at  a  root -mean -square  level  of  3.5V  to  the  analyser  section. 

'liie  frequency  range  Is  covered  using  a  standardised  set  of  frequencies  ir,  which  the 
ratio  of  each  higher  frequency  to  the  preceding  one  is  approximately  in  the  ratio  of 
i  2:1,  the  most  usual  range  (3  to  2000  cycies/sec)  requiring  22  measurements;  measure¬ 
ments  at  these  frequencies  alone  are  normally  sufficient,  but  the  steps  are  small 
enough  for  the  readings  to  reveal  any  sharp  peaks  in  the  spectrum,  the  presence  of 
winch  wrtild  require  additional  points  to  be  interpolated.  Calibrations  are  performed 
at  Intervals  by  taking  the  amplifier  Input  from  the  microvoiter,  with  zero  setting 
on  the  logarithmic  potentiometer  and  at  a  medium  frequency  of  280  cycles/sec,  and 
determining  the  exact  input  voltage  required  to  produce  a  reading  of  unity  on  the 
analyser  output-galvanometer;  allowance  can  then  be  made  for  any  drift  in  the  gain 
of  the  amplifier  or  analyser. 

The  analysis  jf  one  signal  requires  steady  wind-tunnel  conditions  to  be  maintained 
for  about  30  minutes.  This  is  usually  feasible  for  small  low-speed  r;ind- tunnels,  but 
for  larger  or  higher-speed  wind-tunnels  the  cost  in  power  and  tunnel-running  time, 
together  with  difficulties  in  maintaining  constant  conditions  in  some  cases,  makes  a 
reduction  in  this  time  desirable.  Provision  has  accordingly  been  made  for  recording 
the  amplifier  output  onto  magnetic-tape,  for  subsequent  re-play  into  the  analyser, 
so  cutting  the  tunnel-running  time  to  about  5  minutes,  though  the  time  taken  for  the 
analysis  is  hardly  affected. 

The  tape  recorder  used  is  a  two-channel  Ampex  Type  3(36-2  with  recording  speeds  of 
6,  12,  30  and  60  in. /sec;  re-play  is  on  an  Ampex  Type  3-3559  75  ft  loop  playback 
system  with  a  speed  of  60  In. /sec  only.  The  only  modification  required  for  recording 
is  attenuation  of  the  amplifier  output  from  3.5V  r.m.s.  to  0.5V  r.m.s.,  the  recommended 
signal  voltage  for  the  recorder;  this  is  then  compensated  by  the  addition  of  a  seven- 
t.o-one  amplifier  to  the  replay  electronics,  so  that  3.5V  r.m.s.  is  again  supplied  to 
the  analyser  section.  The  Ampex  equipment  works  on  the  frequency-modulated  principle 
using  a  carrier  frequency  of  54.000  cycles/sec  at  60  in. /sec,  with  proportionately 
reduced  currier  frequencies  at  lower  tape  speeds. 

In  use.  channel  i  of  the  recorder  is  supplied  continuously  with  0.4V  r.m.s.*  at 
280  cycles/sec.  After  measuring  tne  equivalent  r.m.s.  voltage  of  the  pre-amplifier 
output  signal,  as  described  earlier,  the  amplifier  is  left  connected  to  the  iiilcro- 
volter  and  a  short  tape  (about  8  ft)  recorded;  75  ft  is  then  recorded,  taking  the 
amplifier  input  from  the  pre-amplifier,  and  this  is  followed  by  another  short  tape 
using  the  microvolter  output.  By  reference  to  channel  1,  and  using  the  two  short 
tapes,  any  drift  in  channel  2  gain  during  recording  or  playback  can  be  allowed  for. 


2.3  Calibrations 

In  order  to  obtain  an  acceptable  accuracy  it  has  been  found  necessary  to  calibrate 
the  whole  system  at  intervals;  this  is  required  so  that  allowances  can  be-  made  for 
small  steady  drifts  in  gain  of  all  the  electronic  items  and  in  the  sensitivity  of  the 

transducer-.  The  various  calibrations  are  considered  separately  below. 

j 


•  0.4V  r.w.n.  raiiier  than  0.5V  l»  supplied  to  cuannel  1  so  that  Incorrect  loading  of  calibrating 
tapes  Into  the  rep'ay  -qulpwent  can  he  detected. 
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I'rnnsducer  sensitivity 


The  transduce;.'.,  -iiiie  Having  the  merit  of  being  simple  to  construct,  and  adaptable 
to  a  number  of  forms,  suffer  from  two  main  drawbacks,  non-linearity  of  calibration, 
and  variation  with  temperature  both  of  zero  and  sensitivity.  Considering  first  non¬ 
linearity,  a  typical  transducer  calibration  is  shown  in  Figure  4a,  where  the  D.C. 
voltage  output  of  the  pre-amplifier  is  plotted  against  steady  pressure  difference 
across  the  transducer  diaphragm.  The  corresponding  transducer  sensitivity  in  volts/'n. 
of  water  is  shown  in  Figure  4b  plotted  against  the  output  voltage.  In  a  typical  low- 
speed  test  on  a  wing  the  pressure  difference  across  the  transducer  may  vary  from  0  to 
f>  in.  of  water,  causing  a  variation  in  sensitivity  of  10%.  However,  this  can  be 
allowed  for  by  using  the  relation  shown  In  Figure  4b,  provided  that  the  mean  pressure 
difference,  in  terms  of  output-vol tage  from  the  pre -ampl if ier,  is  noted  during  the  tests. 
The  peak-to-iwak  amplitude  of  the  pressure-fluctuation  would  not  normally  exceed  3  In. 
of  water,  so  that  non-linearity  does  not  distort  the  fluctuating  signal  appreciably. 


10°C  rise  in  temperature  may  raise  the  transducer  sensitivity  by  as  much  as  10%, 
and  cause  a  zero-shift  equivalent  to  5  in.  of  water.  For  low-speed  wind-tunnel  tests 
It  Is  normally  sufficient  to  calibrate  the  transducers  at  the  beginning,  middle  and 
end  of  the  morning  and  either  twice  or  three  times  again  in  the  afternoon;  the  order 
of  drift  between  successive  calibrations  is  shown  in  Figure  4.  The  zero-drift  and 
sensitivity-drift  c«n  then  be  allowed  for  on  a  time  basis  if  one  tunnel-speed  is  being 
used,  or  otherwise  on  a  temperature  basis.  Appreciable  zero-drift  occurs  In  the  pre¬ 
amplifier  when  It  Is  first  switched  on,  and  it  has  been  found  necessary  to  use  a  time-switch, 
so  that  the  pre-amplifier  may  have  been  switched  on  for  two  to  three  hours  before  it  is 
used.  An  accuracy  of  ±2%  on  the  transducer  sensitivity  appears  reasonable  using  these 
methods. 

Preliminary  tests  on  the  possibility  of  using  the  present  transducers  in  a  model  in 
a  transonic  wind-tunnel,  with  temperature  rises  of  up  to  4i7;,C,  suggested  however  that, 
even  with  preliminary  calibration  of  the  temperature  effects,  an  accuracy  of  t5%  on 
transducer  sensitivity  would  be  difficult  to  attain. 


The  author  is  not  aware  of  any  satisfactory  and  simple  method  of  measuring  the  fre¬ 
quency  response  of  pressure  transducers  at  frequencies  above  about  100  cycles/sec,  and 
no  attempt  has  been  made  to  examine  the  frequency  response  of  the  transducers  used.  The 
Southern  Instruments  equipment,  which  uses  a  2 -megacycle/sec  carrier  frequency,  would 
be  expected  to  have  a  flat  response  to  considerably  above  the  20,000  cycles/sec  limit  of 
the  rest  of  the  equipment;  the  natural  frequency  of  the  transducer  diaphragms  is  about 
6000  cycles/sec,  and  it  is  assumed  that  the  transducers  have  a  flat  response  to  about  a 
third  of  this,  say  2000  cycles/sec.  The  transducer  sensitivity  to  steady  pressures  is 
therefore  used  throughout  and  an  upper  limit  of  2000  cycles/sec  is  applied  to  the 
spectrum  analysis.  For  low-speed  tests  this  tipper  limit  excludes  very  little  of  the 
total  energy  in  the  spectrum. 


> 


2..V.2  Amplifier  frequency  response 

Thr  amplifier  response  curve  is  shown  in  Figure  5.  The  r.m.s.  amplitude  of  the 
signal  passed  by  the  amplifier  is  taken  as  representing  the  total  intensity  ot'  the 
pressure  fluctuation.  The  upper  frequency  limit  is  well  above  any  signal  passed  by 
the  transducer,  but  the  low  frequency  cut-off  sometimes  results  in  too  low  a  value 
for  the  total  Intensity  being  obtained. 


Best  Available  Copy 


7 


2.3.3  Analyxer  callL.aiion 

The  analyser  Is  designed  so  that  the  whole  frequency  range  from  2  cycles/sec  to 
7  20,000  cycles/sec  is  divided  into  11  sub-ranges,  and  It  has  been  found  necessary  to 

-■*  measure  the  bandwidth  and  the  amplitude  response  at  a  number  of  points  In  each  sub¬ 

range.  A  typical  oandwldth  calibration  curve  is  shown  In  Figure  6a;  the  full  lines 
show  the  ban-lsidtli  condition  normally  used.  A  compromise  must  be  made  in  choosing 
the  bandwidth*  &  narrow  bandwidth  gives  a  better  definition  of  a  function  which 
varies  rapidly  with  frequency;  but,  if  it  is  too  narrow,  large  fluctuations  in 
amplitude  of  the  signal  passed  by  the  band  occur,  and  a  mean  reading  is  difficult  to 
obtain.  Above  20  cvcles/sec  the  nominal  15.5%  bandwidth  ratio  appears  to  give  the 
right  kind  of  compromise;  it  also  has  the  additional  advantage  that  it  provides  the 
best  cut-off  at  the  edges  of  the  band  (see  Section  2.2).  Below  20  cycles. sec  the  use 
of  the  low-frequency  modulator,  which  adds  50  cycles/sec  to  the  frequency  cf  any 
Input  signal,  means  that  the  bandwidth  ratio  is  increased  by  a  factor  of  (50  +  f)/f, 
where  f  Is  the  input  frequency.  This  necessitates  the  use  of  the  1.5%  bandwidth  from 
3  cycles/sec  to  11  cycles/sec,  and  the  3.0%  bandwidth  from  il  cycles/scc  to  20  cycles/ 
sec,  with  the  results  shown  In  Figure  6a.  Using  these  measured  bandwidth  ratios  a 
satisfactory  smooth  spectrum  Is  obtained,  provided  a  genuinely  random  signal  is  being 
analysed.  However,  the  differences  in  discrimination  between  the  three  bandwidth 
settings  lead  to  apparent  discontinuities  in  the  spectrum  at  11  cycles/sec  and  20 
cycles/sec,  if  a  large  single  frequency  fluctuation  is  present  below  about  50  cycles/sec. 

In  order  to  calibrate  the  system  for  direct  analysis,  the  microvolter  is  first 
replaced  by  an  attenuator  circuit  containing  a  thermoj unction  so  that  a  constant 
input  (of  about  lOOmV),  irrespective  of  frequency,  can  be  supplied  to  the  amplifier. 

Using  this,  the  bandwidth  ratio  of  the  analyser  and  the  overall  frequency  response  of 
the  amplifier  and  analyser  are  measured  at  several  frequencies  in  each  of  11  sub-rangps 
of  the  analyser.  An  overall  sensitivity  factor  is  then  computed,  giving  the  actual 
output  through  the  analyser  band  at  each  frequency,  as  a  ratio  to  that  which  would  be 
produced  by  an  ideal  analyser  having  a  conir.ant  15.5%  bandwidth  ratio,  and  with  a  flat 
frequency  response  for  the  analyser  and  amplifier;  a  typical  calibration  is  shown  in 
Figure  6b.  This  calibration  takes  abjut  10  days,  but  checks  show  that  errors  of  only 
1  to  2%  occur  over  about  a  year,  at  the  end  of  which  time  It  is  necessary  to  readjust 
the  analyser  settings,  to  correct  distortion  of  the  bandwidth  response  curves  due  to 
unequal  deterioration  of  the  valves. 

Allowances  are  made  for  the  effect  of  the  input  impedance  of  the  amplifier  on  the 
pre-amplifier  output;  for  the  effect  of  the  input  impedance  of  the  low  frequency 
modulator  on  the  logarithmic  potentiometer  calibration,  and  for  the  combined  effect 
of  these  on  the  amplifier  output. 

2.3.4  Tape  recorder 

The  introduction  of  the  tape  recorder  into  the  system  modifies  the  usable  frequency 
ranges  considerably.  The  measured  frequency  response  of  channel  2,  recording  at  6  and 
**  60  In. /sec  and  with  60  in. /sec  playback,  is  shown  in  Figure  7a.  The  overall  frequency 

response  of  the  whole  system,  from  amplifier  input  to  analyser  output,  is  shown  in 
F’gure  7b  for  6  in. /sec  recording  speed;  this  shows  a  usable  frequency  range  of  2 
to  1000  cycles/3ec.. 
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Using  60  In.  ner  recording  speed  the  upper  irequency  limit  is  raised  to  10,000  cycles/ 
see,  while  the  lower  limit  might  appear  to  he  3  cycles/sec,  as  for  direct  analysis.  How¬ 
ever.  In  this  case,  the  lower  frequency  limit  is  no  longer  simply  defined,  but  has  to 
be  experimentally  determined  as  the  lowest  frequency  which  Is  sufficiently  accurately 
sampled  in  a  15-secorid  recording  (the  maximum  tape  loop  for  playback  is  75  ft).  As  a 
check  on  this,  the  results  of  analysing  separately  the  two  halves  of  a  75  ft  recording 
arc  shown  'n  Figure  8a,  compared  with  a  direct  analysis,  and  the  results  for  the  four 
quarters  are  similarly  shown  In  Figure  8b.  Possible  limits,  on  the  assumption  that 
the  additional  scatter  is  inversely  proportional  to  the  number  of  cycles  recorded,  are 
shown.  Assuming  a  normal  maximum  scatter  of  ±10%.  twice  the  normal  scatter  seems 
reasonably  acceptable  at  the  limiting  frrquency;  this  requires  *.  minimum  of  150  cycles 
recorded.  On  this  basis  the  usable  frequency  ranges  of  the  equipment  become 


Recording  speed 


Usable  frequency  range 


(in. /sec) 

( eye les/scc ) 

r. 

2*  to  1,000 

12 

2  to  2,000 

30 

5  to  5,000 

60 

10  to  10,000 

From  this  it  would  seem  that  the  12  in. /sec  recording  speed  matches  the  present 
trarsducers  satisfactorily.  Where  1000  cycles/sec  is  a  sufficiently  high  upper 
limit,  the  6  in. /sec  recording  speed  has  the  advantage  of  less  tape  being  wasted 
while  the  recorder  accelerates  to  its  operating  speed,  and  also  the  low-frequency 
modulator  is  not  required  for  the  subsequent  analysis. 

The  overall  frequency  response  of  the  system  from  amplifier  Input  to  analyser  output 
is  again  determined  at  intervals  using  the  calibrating  circuit  described  in  Section  2.3.3; 
short  tapes,  about  8  ft  long,  are  recorded  for  a  number  of  frequencies  at  each  of  the 
recording  speeds.  Measurerten-.a  at  about  12  frequencies  at  each  tape-speed  are  suffi¬ 
cient  to  define  a  smooth  curve  of  the  ratio  of  the  overall  frequency  response  of  the 
system  using  the  tape  recorder,  to  that  measured  with  the  amplifier  connected  directly 
to  the  analyser  section;  values  of  this  ratio  can  then  be  read  off  the  curve  at 
intermediate  frequencies  and  applied  as  an  additional  factor  to  the  overall  sensitivity 
factor  for  direct  analysis  determined  as  described  in  the  previous  section  (2.3.3), 

2.4  Presentation  of  the  Results 

The  root-mean-square  intensity,  p,  of  the  pressure  fluctuations  is  made  non-dimen¬ 
sional  by  dividing  it  by  the  dynamic  head  q(=  V^oV2).  A  non-dimens total  frequency 
parameter  n  f l  V  (where  f  is  the  frequency,  2  a  representative  length  and  V  the  free 
stream  velocity)  is  then  introduced,  and  a  spectrum  function  F(n)  is  defined,  such  that 
F(n)5n  is  the  contr lbut ion  (p/q)1  in  the  frequency  range  n  +  &n.  Thus 

(  P  Y 

M  —  i  =  P(n)on  =  nFfn)  o(log  n) 

\  Q  / 


<S 


| 


/ 


The  results  of  the  spectrum  analyses  can  therefore  be  plotted  in  the  form  P(n)  against 
n,  or  nF(n)  against  log  n;  end.  in  either  case,  integration  over  any  range  of  frequency 

•  flatted  by  the  amplifier  response 
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gives  the  corresponding  mean-square  Intensity  of  the  fluctuation,  in  particular,  the 
total  area  under  elthei  curve  Is  equal  to  the  total  intensity,  for 


n  pco 

f  nF(n)  d(log  n) 
n*o 


However,  for  the  usual  application  of  the  analysis  to  the  examination  of  buffeting 
excitation,  a  modified  form  of  presentation  Is  considered  to  be  more  appropriate. 

This  Is  because  aircraft  buffeting  normally  takes  the  form  of  the  excitation  of  a 

n«  r  f  i  r*n 1  o  v*  *1  met  mmI  at  poorl  v  a  frofliion/'v  fSa  t  Ha  tn  cwv  a  mry|  o 

with  a  sharply  tuned  resonance  curve,  or  a  narrow  acceptance  band.  If  f  Is  the  buffet- 
iti.;  frequency  and  Af  the  acceptance  bandwidth  In  such  a  case,  the  relevant  root-mean- 
s  qua  re  intensity  of  the  excitation  ^Ap5  is  then  given  approximately,  Af/f  being 
small,  by 


A  f  A,  n 

since  —  — 

r  n 


Htth  the  ratio  (Af/f)  determined  by  the  aircraft  structural  characteristics,  and 
presumably  Independent  of  speed,  the  aerodynamic  excitation  expressed  non-dlmenslonally, 

(>  '  p}/q) ,  is  directly  proportional  to  /nP(n),  which  therefore  provides  a  useful  presenta 
t Ion  of  the  spectrum.  The  abscissa  is  taken  as  log  n,  because  a  more  open  scale  is 
obtained  at  ion  frequencies,  and  because  the  integrable  power  spectrum  may  be  readily 
obtained  by  squaring  the  ordinates.  Equation  (I)  is  also  used  to  calculate  v'nF(ri)  from 
the  measurements/  the  root-mean-square  voltage  passed  by  the  analyser  Is  first 
cxp":s«“d  as  v'Ap|/q,  using  the  transducer  sensitivity  factor:  then.  1  f  the  analyser 
bandwidth  ratio  ( A f^/f)  is  written  as  eA, 


This  is  strictly  correct  only  if  £A  is  infinitely  small;  and  the  errors  Intro¬ 
duced  by  the  use  of  a  small  but  finite  bandwidth  are  considered  in  Section  3.1. 


3.  ACCURACY  OF  MF.ASUREMEt  AND  EXTENSIONS  OF  THE  TECHNIQUE 
3.1  Accuracy 

A  number  of  checks  have  been  made,  at  intervals,  on  the  repeatability  of  results 
and,  as  far  as.  possible,  on  the  validity  of  the  conclusion  that  there  is  no  apparent 
scale-effect  when  the  spectrum  is  presented  in  a  non-dimensional  form.  An  example 
shown  In  Figure  9  where  the  pressure-fluctuations  on  the  rear  wall  of  a  rectangular 
cavity  in  a  cylindrical  body  have  been  analysed  at  three  wtndspeeds:  108.  150  and 
218  tt/ser.  These  results  show  no  apparent  scale-effect  for  the  range  of  wlndspeed 
covered,  and,  in  all  the  series  of  tests  made,  a  few  checks  have  been  made  that  the  same 
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‘.pr-ntrum  is  obtained  at  two  windspeeds  differing  by  a  factor  of  about  two  So  far  no 
d  isc  repanc les  worse  then  those  shown  in  Figure  9  have  beer,  found;  the  Mach  number 
in  all  rases  1ms  been  less  than  0.3.  The  scatter  shown,  amounting  to  e  maximum  o 
tim.  is  about  what  can  normally  be  achieved,  although  in  a  specific  case  this  could 
be  reduced  to  nearer  ±5%  by  spending  longer  over  taking  the  visual  mean  j  e  arm .y.  e 
-onivnnometer  reading  at  each  frequency.  The  additional  time  require  -  ' 

normal lv  considered  justified  as  sufficient  points  are  measured  for  a  wool.*.  curve 
to  be  drawn. 

As  a  check  on  the  effect  of  analyser  bandwidth,  the  same  signal,  in  this  case  of 
ih(,  r,r,,v-;u~  "-♦'..Hnns  on  a  highly  swept  wing,  was  analysed  using  both  the  nominal 
4.  Sd,  and'  15.  S.j  bandwldths  shown  In  Figure  6a;  the  results  are  shown  in  Figure  10 
in  this  case  the  frequency  range  was  extended  to  include  the  resonance  of  the  trans¬ 
ducer  diaphragm.  The  discrepancies  between  the  two  curves  are  less  than  ±10*  except 
u.  the  neighbourhood  of  the  resonance  peak.  In  addition,  the  intensity  of  pressure- 
fluctuations  (P/q).  deduced  from  integrating  nF(n)  with  respect  to  log  n  Is  0.0085 
for  the  analysis  using  the  4.8%  bandwidth  and  0.0084  using  the  15.5%  bandwidth 
compared  with  0.0087  by  direct  measurement.  These  measurements  demonstrate  that  the 
15.5%  bandwidth  is  satisfactory  for  the  continuous  part  of  the  spectrum  up  to  about 
1500  cycles. sec. 

The  presence  of  sharr  peaks  in  the  spectrum  leads  however  to  differences  in  the 
measured  spectra,  in  the  neighbourhood  of  the  peak,  which  depend  on  the  bandwidth 
used  In  particular,  if  the  true  spectrum  is  a  continuous  smooth  curve  with  the 
addition  of  an  oscillation  at  a  discrete  frequency,  the  correct  representation  win 
be  the  continuous  spectrum  with  a  single  line  to  infinity  at  the  discrete  frequency; 
«h<io  the  measured  spectrum,  deduced  in  the  usual  way  from  the  analyser  readings,  wil 1 
se  *  the  continuous  spectrum  with  the  addition  of  the  product  of  the  amplitude  (n  ,..e 
discrete  frequency  oscillation  and  the  analyser  response  curve.  Figure  11  shows  such 
a  measured  spectrum  and  demonstrates  that  it  is  possible  to  find,  by  trial  and  error, 
an  amplitude  for  the  discrete  frequency  oscillation  which,  multiplied  by  the  analyser 
response  curve,  enables  the  smooth  continuous  spectrum  to  be  inferred.  This  dividing 
of  the  spectrum  into  its  two  components  can  cnly  be  made  directly  if  the  data  is 
plotted  in  the  form  of  an  integrable  power-spectrum,  e.g.  as  nF(n)  against  log  n  as  in 
Figure  U.  The  area  under  the  continuous-spectrum  curve  can  then  be  integrated  to  give 
the  mean-square  intensity  of  the  random  pressure  fluctuation,  while  the  area  under  the 
peak,  but  above  the  continuous-spectrum  curve,  should  be  equal  to  the  mean-square 
amplitude  of  the  discrete  frequency  oscillation. 

In  most  cases,  however,  this  division  of  the  spectrum  is  not  possible,  as  the  peak 
,S  produced  not  bv  a  discrete  frequency  oscillation,  but  Is  correctly  a  smooth  peak 
in  the  spectrum.  The  curves  shown  in  Figure  10  are  of  this  form,  since  it  is  apparent 
that  the  width  of  the  peak  is  large  compared  with  that  of  the  analyser  response  curves 
(Fig. 3).  Only  at  the  centre  of  the  peak  do  the  two  curves  differ  appreciably. 

An  important  point  to  note  is  that  regardless  of  how  the  peaks  arise,  and  of  *hat 
bandwidth  is  used,  the  area  under  a  peak,  when  the  results  are  presented  in  the  form 
of  an  integrable  power  spectrum,  is  a  fairly  correct  measure  of  the  energy  in  the  _ 
corresponding  frequency  range.  The  results  are  therefore  normally  given  as  measure,, 
with  no  attempt,  to  apply  corrections  to  the  exact  shape  of  any  peak  present. 
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To  check  the  effect  of  the  tape-recorder  or.  the  accuracy  with  which  a  spectrum  Is 
determined,  a  particular  signal  produced  by  a  transducer  behind  a  spoiler  was  analysed 
directly  recorded  at  6  In. /sec  on  225  ft  of  it.pe,  recorded  at  60  In. /sec  on  another 
225  ft  of  tape,  and  finally  analysed  directly  again.  Each  of  the  225-ft  lengths  of 
tape  was  cut  Into  three  and  the  portions  analysed  separately;  the  resulting  spectra 
are  compar  'd  in  Figure  12  with  the  spectrum  resulting  from  the  direct  analyses. 


3.2  Effect  of  Wind-T'snne I  Airflow  Unsteadiness 

Early  tests  were  made  In  the  RAE  4  ft  x  3  ft  and  No.  2  11*4  ft  wind-tunnels  on 
cylindrical  bodies  having  either  a  cavity  to  represent  a  bomb-bay  or  an  external  air¬ 
brake.  Both  tunnels  have  screens  in  the  maximum  sections  and  hot-wire  measurements 
have  shown  low  turbulence  levels*.  Datum  checks  of  the  pressure  fluctuations  on  the 
surfaces  of  the  plain  bodies  gave  values  of  p/q  of  about  0.005,  which  were  small 
compared  with  the  maxim  of  about  0.15  measured  in  the  cavity  or  behind  the  air-brake. 

The  spectra  for  these  datum  tests  were  consistent  with  the  pressure-fluctuations  being 
mainly  due  fo  the  turbulent  boundary- layers  on  the  bodies. 

However,  preliminary  measurements  of  pressure- fluctuations  on  a  thin  wing  in  the 
No.  1  1 1*4  ft  wind-tunnel,  which  is  of  earlier  design,  and  has  no  screens,  with  a  con¬ 
traction  ratio  of  4.75  to  1,  showed  spectra  with  a  sharp  rise  in  amplitude  at  low 
frequencies,  even  with  the  wing  at  zero  incidence.  This  was  attributed  to  fhe 
unsteadiness,  of  the  airflow  in  the  tunnel  working-section  and,  in  order  to  investigate 
it,  a  special  model  was  constructed  (Fig. 13),  consisting  of  a  rectangular  wing  of  i  ft 
span  and  6  in.  chord,  with  a  single  transducer  at  Its  centre  measuring  the  pressure 
difference  between  the  upper  and  lower  surfaces  at  this  point.  The  transducer  was 
basically  of  the  design  shown  in  Figure  la,  but  with  a  different  front  casing,  and 
also  with  a  thinner  diaphragm  to  increase  the  sensitivity:  this  enabled  values  of 
p/q  as  low  as  0.0003  at  150  ft/sec  to  be  measured  and  analysed. 

Tne  results  of  these  tests  are  shown  in  Figure  14.  The  No. 1  ilH  ft  wind-tunnel  in  its 
original  form  gave  results  with  a  very  large  increase  of  amplitude  towards  the  low- 
frequency  end  of  the  spectrum.  Fitting  an  available  honeycomb  at  the  beginning  of  the 
working-section  reduced  the  fluctuations  considerably  as  shown;  though,  as  ccrn«"'d 
with  the  results  frou  .the  No. 2  11^  ft  wind-tunnel,  they  were  still  large.  l*hi!~ 
reducing  the  fluctuatlbns  to  a  level  which?  mlght/have-been, acceptable  for  scs-  ‘ .  or 
test,  the  honeycomb  walk  not  a  satisfactory  solution,  as  its  positioning  at  the  begin¬ 
ning  of  the  workirig-sect.ion  lead  to  a  threefold  increase  in  the  power  required  to 
drive  the  tunnel,  with  a  consequent  rapid  rise  in  the  temperature  of  the  air  at  the 
normal  operating  speed  of  the  tunnel. 

The  low-frequency  nature  of  the  fluctuations  suggested  an  intermittent  breakaway 
in  the  tunnel  return  circuit,  and  one  possible  source  was  located  by  inspection. 
Vortex-generators  were  installed  ahead  of  this  section,  but,  though  this  led  to  a 
considerable  reduction  in  the  level  of  the  fluctuations,  as  shown  in  Figure  14,  the 


•  At  the  usual  te*t  speed  of  110  ft/sec  the  longitudinal  and  Inters!  components  of  the  turbulence 
in  the  4  ft  I  3  ft  wind-tunnel  ire  sbout  0.0U  snd  0.02%  respectively,  while  the  longitudinal 
component  in  tiie  No.  2  !1S  ft  wind-tunnel  is  sbout  0.04%. 
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level  of  nl-’fni  at  low  fiequencies  is  still  high.  This  indicates  that  the  tunnel  is 
still  unsuitable  for  pressure-fluctuation  measurements  on  wings,  or  for  any  other 
tests  where  incidence  fluctuitions  can  affect  the  results. 

Provided  that  the  pressure-fluctuations  are  large  compared  with  those  produced  by 
the  boundary- layer  alone,  this  ~ype  of  test  can  be  regarded  as  a  method  of  obtaining 
incidence-fluctuation  values  at  low  frequencies,  where  the  equivalent  wave-length  is 
large  compared  with  the  wing  chord;  10  cycles/sec  for  instance  corresponds  to  30  wing 
chords.  The  pressure-fluctuations  can  be  converted  to  incidence- fluctuations  by 
dividing  by  ds/da*.  where  s  ;s  the  difference  between  the  static  pressure  coefficients 
across  the  transducer,  and  a  is  the  wing  incidence.  As  a  check  on  the  nature  of  the 
pressure  fli  tirifior.s  on  the  wing  in  the  No.?  il“>  ft  wind-tunnel,  a  20  s.w.g.  transi¬ 
tion  wire  was  added  at  10%  of  the  wing  chord.  This  led  to  an  approximate  doubling  of 
nFfn)  throughout  the  frequency  range,  suggesting  that  the  measured  pressure  fluctua¬ 
tions  on  the  plain  wing  were  mainly  due  to  the  wing  boundary- layer,  and  that  only 
negligible  fluctuations  due  to  tunnel  unsteadiness  were  present. 

No  tests  were  made  In  the  4  ft  x  3  ft  wind-tunnel,  since  measurements  with  hot-wire 
anemometers  had  shown  an  even  smoother  air  flow  there  than  in  the  No.  2  1114  ft  wind- 
tunnel.  All  subsequent  pressure-fluctuation  tests  have  been  confined  to  these  two 
tunne  is. 

3.3  Add*  t  I  Measurements 

!ii  previous  sections  the  methods  used  to  produce  the  total  intensity  and  spectrum  9 

density  of  the  fluctuating  pressures  have  been  described.  Two  further  types  of _ 

measurement  are  now  considered:  (a)  the  use  of  pipes  when  only  the  amplitude  of  v'nF(n) 
at  low  frequencies  is  required;  and  (b)  the  measurement  cf  the  correlation  between 
pressure-fluctuations  at  two  points. 

Thr  use  of  piprs  in  prrs  sure-  f  lar  tun  f  ion  measurrmrnts 

As  will  be  discussed  in  Section  4.3,  it  has  been  found  more  appropriate,  in  some 
tests,  to  use  th°  value  of  v'r.F(n)  at  a  particular  iow  frequency  as  a  parameter,  rather 
than  p/q.  Fur  such  tests  the  possibility  arises  or  using  a  fairly  long  length  of 
pip**  between  the  measuring  point  and  the  transducer,  so  enabling  the  measuring  point 
to  be  traversed  over  a  large  area  of  wing  or  body  surface,  without  the  necessity  ol 
moving  and  reinstalling  the  transducer.  A  suitable  type  of  piping  was  found  to  be 
cupro-nlckel  hypodermic  tube  of  0.  MO  in,  (nominal  1  mnt)  outside  diameter  and  0.028  in. 

Inside  diameter.  This  is  sufficiently  soft  to  be  bent  into  various  curves  for  tra¬ 
versing  the  measuring  point  a  considerable  number  of  times  without  fracture  or 
reduction  of  the  bore. 

A  wide-range  spectrum  similar  to  that  shown  in  Figure  12  was  recorded  with  no 
pipe  nnd  with  a  series  of  pipe  lengths  between  the  measuring  point  and  the  transducer. 

The  results  are  shown  in  Figure  15  as  the  variation  with  frequency  of  the  attenuation  <s, 

in  amplitude  produced  by  the  introduction  of  the  various  lengths  of  pipe.  These 

r*  ■  ■  ■  ■ ;  !  i :  ; ;  i  y  in  detail  to  the  design  of  transducer  shown  in  Figure  la,  since  the 

size  of  th‘  chamber  in  the  front  casing  influences  the  response  of  the  system.  The 

attenuation  curve  shown  for  the  60-in.  pipe  was  obtained  at  both  80  and  140  ft/sec, 

*  f5<  0.040  dwgrep  for  tho  *in*  used. 

jf 
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the  total  r.m.s.  intensity  of  the  pressure  fluctuation  being  about  0. 05q.  This 
independence  of  response  with  the  amplitude  of  the  pressure-fluctuation  can.  however, 
only  be  expected  to  apply  at  low  windspeeds,  where  the  amplitudes  of  the  fluctuations 
are  sufficiently  small  for  the  intermittent  flow  in  the  pipe  not  to  t>e  affected  by 
the  compressibility  of  the  air. 

It  is  suggested  that  a  reasonable  upper- frequency  limit  for  the  longer  pipes  Is 
that  at  which  the  attenuation  is  0.5,  i.e.  at  18,  50,  120  and  200  cycles/sec  for  the 
60,  30,  15  and  7.5  in.  pipes  respectively.  For  shorter  lengths  of  pipe  the  more 
rapid  variation  of  attenuation  with  frequency,  above  the  resonant  frequency,  would 
require  very  accurate  frequency  measurer, lent  and  allowance  for  the  variation  of  the 
speed  of  sound  with  temperature,  if  accuracy  was  to  be  maintained.  In  particular, 
for  lengths  of  pipe  shorter  than  about  2  In. ,  a  sharp  resonance  peak  with  further 
peaks  at  the  higher  harmonics  would  be  expected,  and  the  usual  upper-frequency  limit 
of  half  the  resonant  frequency  would  apply.  For  the  system  tested  therefore,  it 
would  seem  that  about  8  in.  is  a  reasonable  minimum  pipe-length,  with  no  further  useful 
gain  in  the  upper- frequency  limit  unless  the  pipe  can  be  reduced  to  less  than  about 
1  in.  in  length, 

3.3.2  Correlation  between  pressure- fluctuations  at  two  points 

Some  measurements,  described  later  in  Section  4.3.1,  have  been  made  to  determine 
the  correlation  coefficient  Rab  defined  in  the  usual  way  as 

AB 

Rab 

where  A  and  B  are  the  instantaneous  values  of  two  fluctuating  quantities,  measured  at 
points  a  and  b,  AB  is  the  mean  of  the  instantaneous  product  AB,  and  v-A2  and  vB2  are 
the  root-mean-square  values  of  A  and  B.  The  usual  method  of  obtaining  55  is  to  measure 
the  mean  square  values,  (A  +  B)  2  and  (A  -  B) •,  of  the  instantaneous  quantities  (A  +  B) 
and  (A  -  fl) ,  obtained  by  electrically  addli.g  and  subtracting  voltages  proportional  to 
A  and  B.  whence  AB  can  be  calculated  from 

(A  *  bT  -  (*~-  =  4  AB 

There  are  considerate  difficulties  in  using  this  method  with  the  existing  equip¬ 
ment.  While  the  pre-amplifier  (Fig. 2)  has  two  channels,  and  two  transducers  may 
readily  be  used  to  produce  two  fluctuating-voltage  outputs,  the  circuits  of  both  the 
rre-ampl if ier  and  the  following  amplifier  have  one  side  earthed,  in  order  to  reduce 
pick-up  at  the  mains  supply  frequency  and  its  higher  harmonics.  This  earthing  is 
basic  to  the  construction  of  the  apparatus  and  there  appeared  to  bo  no  simple  methods 
of  interconnection  to  obtain  both  (A  +  B)  and  (A  -  B).  Eliminating  the  earthing  from 
a  second  set  of  pre-amplifier  equipment,  while  retaining  rectified  50  cycles/sec 
vol t.ngp  supplies,  led  to  very  large  voltage  pick-up  at  50  cycles/sec  and  higher 
harmonics.  Replacing  this  voltage  supply  by  dry  batteries  reduced  the  pick-up  to  a 
tolerable  level,  but  the  very  short  life  of  readily  available  batteries  used  in  this 
way  marie  the  technique  very  cumbersome.  In  addition,  some  complication  was  introduced 
by  the  need  for  complete  insulation  of  the  transducer  and  its  connecting  leads  from  the 
model,  whichin  this  case  was  of  metal.  The  simpler  method  was  therefore  adopted  of 
measuring  /A>,  v d?  and  /(A  t  B) 2  and  obtaining  AB  from  the  relation 
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(A  +  B)2  -  A2  -  B2  =  2  AB 

It  should  be  noted  that  In  the  complete  formula  for  Rab, 

(A  +  B)2  -  A2  -  B2 

Rab  "  ~ _  (2) 

2v'A2 

the  substitution  of  kA  for  A  does  not  affect  the  result.  It  is  not  therefore 
necessary  for  the  two  voltages,  or  other  quantities  summed,  to  be  in  the  same  ratio 
tn  the  original  quantities  A  and  B.  In  particular,  if  the  two  transducers  are 
connected  in  parallel  so  as  to  sum  the  capacity  fluctuations,  the  r.m. s.  value  of 
the  resulting  voltage  output  from  the  pre-amplifier  can  be  used  in  Equation  (2), 
together  with  the  corresponding  values  obtained  from  the  transducers  connected  singly, 
to  give  Ra(),  irrespective  of  the  transducer  sensitivities.  It  is  necessary,  however, 
for  the  three  measurements  to  be  taken  in  sufficiently  rapid  succession  for  the 
transluoor  sensitivities  to  remain  substantially  unchanged. 

To  provide  the  interconnections  of  the  transducers,  three  muiti-wEj  relays,  con¬ 
tained  In  a  screening  box,  are  used.  The  circuit  includes  fixed  and  adjustable 
condensers,  so  that  the  total  capacity  of  the  system  can  be  made  the  same,  whether 
readings  from  either  transducer  or  the  combination  are  being  made.  This  constancy 
of  the  total  capacity  is  advisable  as  the  pre-amplifier  sensitivity  (ir.  volts/Pf) 
varies  to  some  extent  with  the  total  capacity,  and  It  Is  essential,  either  that  this 
sensitivity  should  be  the  same  for  ail  three  measurements,  or  that  allowance  should 
be  made  for  the  variation.  The  second  alternative  would  require  additional  calibration, 
and  Introduce  undesirable  complication  into  the  computation  of  the  results.  The 
circuits  made  by  the  relays  are  shown  in  Figure  16;  when  making  measurements  from  a 
single  transducer,  the  other  is  short-circuited. 


To  maintain  accuracy,  the  three  measurements  required  to  obtain  Rfth  are  always 
made  consc  "Mvely,  keeping  conditions  constant  meanwhile;  this  applies  to  measure¬ 
ments  at  each  particular  frequency  in  a  spectrum  analysis,  as  well  as  to  total  inten¬ 
sity  measurements.  Since  the  estimation  of  Rab  is  unaffected  by  any  sensitivity 
factors  of  the  system,  it  is  best  calculated  as  directly  as  possible;  from  the  three 
m  tc  envoi  I cr  readings  for  total  intensity  measurements,  and  from  the  logarithmic 
potentiometer  and  output-galvanometer  readings  only  in  the  case  of  spectrum  measure¬ 
ments.  R  b  is  determined  with  acceptable  accuracy  by  the  above  methods,  provided  that 
r.'n.s.  values  of  A  and  B  do  not  differ  appreciably  in  magnitude,  but  the  accuracy  falls 
off  fairly  rapidly  as  the  ratio  of  v'T^  to  viP  increases.  As  an  illustration,  the  error 
in  Rab  due  to  a  1%  high  reading_of  / (A  +  B) 2  and  a  1%  low  reading  of  Is  given  below 
for  a  range  of  values  of  vRi/v BJ; 


Error  in  Ra ^ 
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2 
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An  accurate  of  ±1%  In  the  r.m.  s.  amplitude  of  the  total  signals  seems  possible, 
and  also  in  spectrum  measurements  at  frequencies  above  50  cycles/sec;  at  lower  fre- 
quencies,  however,  the  scatter  increases  and  errors  of  up  to  ±5%  in  amplitude  may 
occur  at  3  cycles/sec,  with  proportionately  larger  errors  in  Rab.  Since  the  estimate 
of  is  unaffected  by  any  scaling  ratios  in  the  system,  it  is  sometimes  practicable 
to  reduce  the  ratio  of  v/P  to  viT?  by  using  the  combination  of  s  transducer  of  low 
sensitivity  in  a  region  of  large  pressure-fluctuations,  with  a  transducer  of  high 
sensi  ti  v!  i y  in  h  region  of  small  fluctuations. 


3.3.3  Estimation  of  normal- force  fluctuations  from,  pressure- fluctuat  ion 
measurements 

If  sufficient  correlation  measurements  are  made  it  is  possible  to  calculate  the 
normal- force  fluctuation  on  a  section  or  over  an  area.  Such  a  series  of  measurements, 
discussed  later  in  Section  4.3.1,  has  been  made  between  a  number  of  pairs  of  points 
along  a  wing  chord-line,  and  the  method  of  estimating  the  normal-force  fluctuation 
for  this  case  is  discussed  in  this  Section.  Taking  the  origin  at  the  wing  leading- 
edge,  and  letting  c  be  the  wing  chord,  consider  two  points  x  and  x'  at  which  the 
<  t.ir  fan<oiir>  pressures  are  P„  and  P„  r.  The  square  of  the  instantaneous  load  is  then 


with  a  mean  square 


ACN 


1  /&V*  dx' 

:  ii  «  « 


AC^ 


C  C  —A— 


(3) 


It  is  necessary,  therefore,  to  know  the  covariance  between  all  pairs  of  points  or, 
the  chord-line  Before  AC^  can  be  estimated;  suppose  the  number  of  measuring  points 
to  be  t,  then  (t/2)(t  -  1)  sets  of  measurements  would  be  required.  However, 
oppressing  the  data  in  terms  of  correlation  coefficients  can  sometimes  lead  to  a 
reduction  in  the  number  of  measurements  required.  The  correlation  coefficient, 
defined  as  before,  is 


R 


xx ' 


P  P  i 

rX  X 


Px  Px 


where  px  tund  px t  are  defined  in  the  usual  way  as  the  r.m.  s.  intensities  of  the  pressure- 
fluctuation-,  at  x  and  x\  Equation  (3)  can  then  be  rewritten  as 


AcN 


«  r.  r 

v  i 


Rxx' 


Pr  P* '  , 

-5.  -i  dx  dx ' 


(4) 


If  now  the  curves  of  RjX',  with  x  constant, 
possible,  in  principle,  to  deduce  the  complete 


show  sufficient  similarity,  it  is 
function  of  R xx  r  from  measurements  for 
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only  a  few  vnlnes  of  x.  If  for  example  It  could  be  shown,  that  Rxr  (where  r  =  |x;  -  x|) 

wns  dependent  only  on  r  and  Independent  oi  x,  <t  -  1)  measurements  at  one  value  of  x 

would  he  sufficient,  in  principle,  though  In  practice  comparative  measurements  at  two, 

or  preferably  three,  values  of  x  would  be  required  to  establish  the  validity  or  other-  ^ 

wise  of  such  a  relationship.  If  Rr  Is  the  correlation  coefficient,  dependent  only 

on  r.  Equation  (4)  con  fie  written  as 


(5) 


rt  should  he  noted  that,  even  If  the  function  Rxr  does  show  some  dependence  upon  x, 
the  use  of  an  approximate  mean  variation  Rr  In  Equation  (5),  rather  than  the  full  set 
of  data  In  Equation  (4),  would  not  be  expected  to  Introduce  large  errors  into  the 
estimate  of  and  this  approach  would  seem  to  provide  a  useftil  method  of  reducing 

the  number  Of  measurements  to  be  made. 


-1.4  Further  I>v<- 1  opmert t s 

t  Extension  of  the  present  testing  techniques  to  transonic  and 
supersonic  speeds 

With  the  introduction  of  the  tape-recorder  into  the  system,  the  reduction  of  tunnel- 
running  time  at  each  test  condition  from  30  minutes  for  a  direct  spectrum  analysis  to 
fi  minutes  using  the  recorder,  makes  testing  in  high-speed  and  high-power  wind  tunnels 
practicable.  It  is  proposed,  in  the  first  place,  to  examine  the  suitability  of  two 
such  wind  tunnels,  the  3  ft  x  3  ft  transonic  and  supersonic  wind  tunnel  and  the  8  ft  x 
6  ft  transonic  wind  tunnel,  for  pressure-fluctuation  tests  by  making  measurements  on 
a  simple  model  at  zero  incidence,  us  was  done  for  the  low-speed  tunnels  Isee  Section  3.2). 
The  model  in  this  case  is  to  he  a  delta-wing  having  a  70°  leading-edge  sweep,  0  in.  long, 
with  a  single  transducer  of  the  type  shown  in  Figure  lb,  installed  on  the  centre-line 
at  33%  of  the  root- chord  from  the  nose.  With  such  a  wing  there  should  be  no  shocks 
across  the  mode!  ahead  of  or  near  the  transducer,  within  the  Mach  number  range  ot  the 
t*.  •mil  ti.i.n.-i:.,  a  -..iiAi-aim  ot  1.2  inr  the  8  ft  x  8  ft  tunnel  and  2.0  for  the  3  ft  x  2  ft 

tunnel.  The  measurements  should  therefore  give  a  good  indication  of  the  pressure- 

fluctuation  datum  in  the  two  wind  tunnels  and  its  variation  with  Mach  number. 

If  the  wind  tunnels  should  be  suitable,  further  research  will  be  required  into 
tempeiature  effects  on  transducer  sensitivity,  and  into  the  constancy  of  the  trans¬ 
ducer  calibration  with  continued  use.  For  some  tests  also,  the  upper  limit  of 
2000  cycles/sec  imposed  by  the  present  transducers  will  be  too  low,  and  modified 
designs  will  be  required;  one  possible  design,  to  replace  the  low-speed  type  shown 
in  Figure  la,  is  shown  in  Figure  17.  The  diaphragm  is  tensioned  and  flattened  by 
screwing  down  the  front  casing  over  the  outer  casing,  giving  a  0,40  in.  diameter 
flush  surface.  The  inner  casing  can  be  screwed  in  and  out  on  a  fine  thread 

(100  threads  per  inch)  to  adjust  the  condenser  aap  and  hence  the  .transducer  sensitivity. 

The  ratural  frequency  of  the  diaphraBS,  deduced  from  measureraentJtSf  its  deflections 
due  to  steady  pressures,  is  about  100,000  cycles/sec.  Effects  of 'temperature  and 
constancy  of  calibration  have  yet  to  be  investigated. 


#  ' 
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Automatic  a/uilyser 

Wien  analysing  recordings  at  present,  the  operator  reads  a  mean  value  off  the 
analyser  output- galvanometer  (Fig.  2),  as  for  direct  analysis.  To  estimate  a  reason¬ 
ably  accurate  mean  reading,  it  Is  found  necessary  to  observe  the  galvanometer  for 
about  4  transits  of  the  tape-loop  at  low  frequencies,  and  2  at  high  frequencies, 
eiv'h  tranr.lt  taking  15  seconds.  Ihe  strain  of  the  constant  averaging  prevents  any 
one  operator  from  performing  this  Job  for  long  periods.  An  automatic  analyser, 
as  well  as  reducing  the  strain  on  the  operator,  offers  the  possibility  of  reducing 
the  analysis  tine  to  about  a  third,  since  only  one  transit  of  the  tape-loop  should 
be  required  for  each  reading. 

Detailed  plans  for  an  automatic  analyser  have  not  yet  been  worked  out,  but  it  is 
envisaged  an  consisting  of  the  following  modifications  to  the  existing  system  (Fig.  2). 
The  output  could  consist  of  some  form  of  Integrator  with  automatic  reed-out,  operating 
off  a  squaring  and  rectifying  circuit,  preferably  not  a  thermo-junction,  as  the 
thermal  log  would  Introduce  difficulties  In  this  application.  The  analyser  could, 
for  most  tests,  be  replaced  by  a  set  of  25  fixed  filters,  though  some  form,  of  contin¬ 
uous  tuning  would  sometimes  be  required.  With  an  output  proportional  to  the  square 
of  the  signal,  some  fora  of  calibrated  gain  control  would  still  be  required,  though 
with  less  steps  than  the  present  logarithmic  potentiometer;  in  principle  this  gain 
control  could  be  set  by  the  operator.  Switching  from  one  filter  to  the  next,  and 
the  read-out,  could  be  triggered  by  a  photo-cell  working  off  the  tape-splice.  This 
change-over  should  not  take  wore  than  about  1  sec  out  of  the  15  sec  of  the  tape-transit 
time,  so  that  only  about  5  ft  of  tape,  which  should  include  the  splice,  would  be  lost. 


4.  SOME  PARTICULAR  APPLICATIONS  OF  PRESSURE- FLUCTUATION  MEASUREMENTS 
4.1  Bocnb-Bay  Buffeting 

An  investigation  was  wade  into  the  airflow  in  bomb-bays  of  various  shapes,  the 
drag  to  which  they  give  rise,  and  the  effectiveness  of  various  flow-control  devices; 
the  model  used  was,  basically,  a  cylindrical  body,  with  a  systematic  series  of 
cavities  cut  into  it.  Pressure  fluctuations  were  measured,  in  some  cases,  using  an 
earlier  design  of  the  transducer  shown  in  Figure  la,  and  it  was  found  that  the 
highest  Intensities  were  mainly  concentrated  on  the  rear  bulkhead  of  the  bomb-bay 
and  on  the  body  immediately  behind  it,  with  a  fairly  rapid  reduction  forward  along 
the  bomb-bay  roof  and  rearward  along  the  body.  Two  transducers  only  therefore  were 
used,  one  in  the  rear  bulkhead  and  one  in  the  body  Just  behind  the  bomb-bay,  as  shown 
In  Figure  18.  In  general  the  total  intensity  of  the  pressure  fluctuations  and  the 
form  of  the  spectra  were  different  for  the  two  transducer  positions;  rounding  off 
the  lower  edge  of  the  rear  bulkhead,  in  particular,  reduced  the  intensity  of  the 
pressure  fluctuations  on  the  body  very  considerably,  while  having  little  effect  on 
these  on  the  remaining  bulkhead  (see  Figure  18). 

While  there  were  minor  differences  in  the  total  intensities  and  spectra  between 
tomb-bays  of  various  helght-to-length  ratios,  the  only  modification  which  appreciably 
reduced  the  pressure  fluctuations  was  the  elimination  of  the  vertical  rear  bulkhead, 
as  shown  In  Figure  19;  complete  retraction  of  the  bomb-doors  still  further  increased 
the  effectiveness  of  the  sloping  rear  bulkhead. 
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4.2  Air-Brake  Buffeting 


A  series  of  tests3  was  made  to  examine  the  static  and  fluctuating  pressure  distributions 
on  a  cylindrical  body  with  a  squure  flat  plate  air-brake.  A  transducer  of  the  type 
shown  in  Figure  la  was  used  and  the  model  and  transducer  Installation  are  shown  in 
Figure  20.  The  portion  of  the  body  containing  the  transducer  could  be  rotated,  and 
also  interchanged  ~  th  other  portions  of  the  body  for  longitudinal  positioning;  the 
brake  could  also  be  moved  longitudinally  on  the  body.  Ely  this  means  it  was  possible  to 
position  the  transducer  orifice  anywhere  on  the  body  in  the  region  from  ?l  ahead  of 
the  brake  hinge  to  6/  behind  the  brake  hinge  (l  =  brake-chord).  The  rear  orifice  of 
the  transducer  was  connected,  through  a  small-bore  metal  pipe,  to  a  long  length  of 
small-bore  tubing  outside  the  wind-tunnel  to  provide  a  steady  datum. 


Both  static  pressure  and  the  total  intensity  of  the  fluctuating  pressure  were 
measured  with  the  transducer,  and  contours  of  both  were  drawn,  as  shown  in  Figure  21. 
Spectra  were  measured  at  a  few  positions  only,  as  shown  in  Figure  22.  To  obtain  some 
impression  of  the  variation  of  the  aerodynamic  excitation  on  the  body  with  brake-angle, 
the  total  intensity  of  the  pressure  fluctuations  was  integrated  over  the  area  of  the 
body  affected  and  the  result  expressed  non-dimensionally  using  the  air-brake  area; 
the  results  are  shewn  in  Figure  22.  This  integral  has  no  quantitative  value  as  no 
allowance  has  beer,  made  for  the  effects  of  correlation  or  of  body  curvature;  but  the 
variation  with  brake-angle  is  considered  significant,  and  it  was  deduced  that  res¬ 
triction  of  the  braHe-angle  to  50°  and  mounting  the  brakes  at  the  rear  of  the  fuselage, 
to  reduce  the  area  of  fuselage  affected,  should  be  effective  in  reducing  the  aero¬ 
dynamic  excitation  associated  with  the  brake. 

This  aerodynamic  excitation  appeared  to  be  due  to  the  unsteady  nature  of  the  flow 
behind  the  brake  at  high  incidences.  With  the  configuration  tested  (Fig. 20),  the 
n-eosured  shedding  frequency  was  nearly  the  same  as  for  an  isolated  plate  (Fig. 24);  it 
was  therefore  considered  that  further  attempts  to  reduce  the  unsteadiness  of  the  wake, 
by  means  of  modifications  to  the  brake,  could  be  compared  more  easily  and  quickly  with 
the  aid  of  hot-wire  measurements3  *  of  velocity  fluctuations  in  the  wakes  of  isolated 
plates.  The  conclusions  reached!  have  not  yet  be»n  confirmed  by  measurements  of 
pressure  fluctuations. 


4.3  Pressure  Fluctuations  of  Thin  Wings 

The  type  of  pressure  transducer  shown  In  Figure  lb  was  specially  designed  for  use 
in  metal  wings.  It  la  fitted  into  the  wing  with  its  flange-face  flush  with  the  upper 
surface,  any  excess  of  the  body  protruding  through  the  lower  surface  being  machined 
off;  a  minimum  wing  thickness  of  about  0.30  in.  is  required.  A  groove  about  0.10  in. 
deep  and  0.10  in.  wide  is  machined  into  the  lower  surface  of  the  wing,  from  the  hole 
in  the  transducer  body  containing  the  rear  plate  connection  to  a  suitable  point  on 
the  wing,  usually  in  a  body  or  nacelle,  at  which  the  normal  0.25  in.  diameter  coaxial 
cable  can  be  attached;  a  single  insulated  wire  is  fixed  into  the  groove  with  Araldite 
cement  and  the  surface  smoothed  off.  There  are  three  reasons  for  letting  the  trans¬ 
ducer  into  the  upper  rather  than  the  lower  surface  of  the  wing:  firstly,  the  upper 
surface  suction,  whose  magnitude  is  difficult  to  predict,  then  tends  to  increase  the 
condenser  gap,  so  that  a  short-circuit,  which  could  otherwise  only  be  avoided,  with 
certainty,  by  using  a  large  pre-set  gap  with  a  correspondingly  low  sensitivity,  can¬ 
not.  occur,  secondly,  the  variation  with  incidence  of  the  differential  static  pressure 
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then  leads  to  maximum  sensitivity  of  the  transducer  at  low  incidence,  where  the  pres¬ 
sure  fluctuations  to  be  measured  are  least;  and  thirdly,  since  the  pipe  through  the 
x  transducer  body  is  then  connected  to  the  lower  surface  of  the  wing,  where  the  pressure 

,  fluctuations  are  normally  small,  any  resonance  due  to  its  length  will  also  be  small. 

A  number  of  tests  have  been  made  on  wings  with  approximately  two-dimensional  leading- 
edge  flow  separation.  This  is  the  simplest  case,  and  investigations  are  now  in  progress 
to  examine  ways  of  measuring  and  presenting  data  for  the  more  complicated  types  of  flow 
separation  associated  with  low -aspect-ratio  highly-swept  wings. 

It  is  found  that  wing  buffeting  caused  by  shock-induced  separations  in  high-speed 
flight  consists  almost  entirely  of  the  excitation  of  the  fundamental  flexural  mode  of 
the  wing,  and  it  is  expected  that  this  will  also  apply  to  low-speed  buffeting  at  high 
incidences.  Low-speed  wind-tunnel  tests  are  normally  concerned  with  the  possible 
occurrence  of  wing  buffet  during  an  airfield  approach,  and  with  the  relative  effective¬ 
ness  of  acceptable  modifications  to  the  wing  configuration.  It  seems  reasonable,  in 
this  case,  to  use  as  a  criterion  the  aerodynamic  excitation  at  a  particular  value  of  n, 
say  nA,  defined  by  nA  =  fw(cAA),  where  Is  the  wing  fundamental  flexural  frequency, 
c  is  the  wing  mean  chord  and  VA  is  the  approach  speed.  On  projects  so  far  examined 
nA  has  been  about  0.2;  but  with  the  relatively  ‘flat’  spectra  associated  with  flow 
separation  on  wings,  the  value  of  n  chosen  Is  not  critical,  and  the  conclusions  reached 
would  have  been  little  affected  if  any  other  value  of  n  between  0.1  and  0.4  had  been 
used.  A  value  of  n  cf  0. 2  corresponds  to  about  20  cycles/sec  for  a  typical  model  wing 
and  wind-tunnel  speed;  and  for  measurements  at  such  a  frequency  it.  is  possible  to  use 
a  considerable  length  of  pipe  between  the  measuring  point  and  the  transducer,  as 
described  in  Section  3.3.1,  and  to  traverse  the  measuring  point  over  the  wing  surface. 

4.3.1  IsOw-ar.prct-rat  io  unswept  wing 

The  mode'  shewn  in  Figure  25  was  constructed  for  measurements  of  the  fluctuating- 
pressure  field  associated  with  flow  separation  from  the  leading  edge  of  a  low-aspect - 
ratio  unswept  wing;  but  since  the  addition  of  a  nacelle,  as  shown  in  the  figure, 
gave  a  region  of  approximately  two-dimensional  flow  between  the  nacelle  and  the  body,  i 

attention  was  confined,  in  the  first  instance,  to  this  simpler  flow  regime.  A  pair  of 
transducers,  of  the  type  illustrated  in  Figure  lb,  can  be  set  into  any  two  of  the 
twenty-two  positions  Indicated  in  Figure  25,  and  soldered  connections  can  be  made  to 
wires  permanently  Installed  in  the  lower  surface  of  the  wing;  the  remaining  sockets 
may  then  be  plugged  with  dummy  transducers.  Measuring  the  correlation  between  the 
pressure  fluctuations  at  different  points  on  the  wing  was  the  main  purpose  of  the 
experimental  programme. 

The  results  discussed  below  all  refer  to  the  wing  with  the  nacelle  on.  and  with 
only  the  thirteen  transducer  positions  between  the  nacelle  and  body  in  use.  The  total 
intensities  of  the  pressure  fluctuations  measured  in  the  chordwise  traverse  are  shown 
*  for  the  range  of  incidence  in  Figure  26;  ard  the  corresponding  correlation  coeffl- 

cients  Rxx  /  (see  Section  3.3.3),  for  x  =  0. lc  and  x  =  0.8c,  are  shown  in  Figure  27. 

The  measured  values  of  Rxx  /  show  a  fair  amount  of  scatter,  and  a  tendency  to  the 
constant  value  of  0.  1.  rather  than  zero,  for  large  separations  of  the  transducers, 
j  In  order  to  reveal  the  dominant  effects  of  incidence  upon  the  correlation  function, 

the  measured  co  ffic tents  were  cross-plotted  in  the  form  Rxr  against  a  (where 
r  -  | x '  -  x I ) ;  two  sets  of  measured  values,  corresponding  to  the  two  values  of  x, 
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won*  therefor*1  plotted  for  each  vaiue  of  r  and  it  was  at  once  apparent  that  both  sets 
could  t>e  represented  by  a  single  smooth  curve,  with  an  error  not  exceeding  the  experi¬ 
mental  uncertainty;  it  follows  that  Rxr  was  effectively  unaltered  by  changing  x  from 
0.1c  to  0. 8c.  The  function  of  r,  Rr  say,  obtained  in  this  way  is  plotted  In  Figure  28. 

In  view  of  these  results  it  in  natural  to  assume  that  Ftr  closely  represents  the 
correlation  function  for  all  values  of  x;  this  implies  that  Rxr  is  not  significantly 
dependent  on  x.  In  this  case  a  fairly  accurate  estimate  of  the  magnitude  of  the 
fluctuating  normal  force,  on  the  section  in  question,  may  be  made  according  to 
liquation  (5),  Section  3.3.3.  Results  so  obtained  are  plotted  in  Figure  29;  the  same 
figure  shows,  for  comparison,  the  total  intensity  of  the  normal-force  fluctuation 
that  results  if  the  correlation  coefficient  is  assumed  to  be  unity  everywhere,  together 
with  the  total  intensity  of  the  pressure  fluctuation  measured  at  0. Cc.  This  assump¬ 
tion  of  unit  correlation  leads  to  the  maximum  force  fluctuation  compatible  with  the 
measured  Intensities  of  the  fluctuating  pressures;  the  computed  fluctuating  normal 
force  on  the  section  (expressed  as  a  root-mean-square  total  intensity)  ranges  from 
0.25  of  the  corresponding  maximum  at  0°  incidence,  to  0.50  at  8°,  and  0.77  at  16°, 
thus  indicating  a  marked  effect  of  the  increasing  correlation  with  incidence.  It  is 
also  interesting  to  notice  that  the  total  intensity  of  the  pressure  fluctuations  at 
0.8c  shows  some  resemblance,  in  the  form  of  its  variation  with  incidence,  to  the 
normal-force  fluctuations. 

The  spanwise  correlations,  with  respect  to  the  middle  station  of  the  five  shown 
in  Figure  25  at  0.8c,  were  also  measured.  In  this  case,  however,  insufficient  data 
were  obtained  to  justify  a  similar  analysis  to  that  applied  to  the  chordwise  traverse, 
but  it  is  interesting  to  note  that  the  results  are  adequately  represented  by  the 
function  Rr,  determined  from  the  chordwise  traverse,  at  both  high  and  low  incidence; 
in  the  range  4°  to  8°  of  incidence  the  spanwise  correlations  somewhat  exceeded  the 
corresponding  chordwise  values. 

It  is  also  passible,  in  principle,  to  derive  the  spectrum  of  the  fluctuating  normal 
force  on  a  wing  from  the  measured  spectra  of  the  two-point  products  of  the  pressure 
fluctuations  at  a  sufficient  number  of  points;  the  spectrum  function  for  the  force 
fluctuation  is  then  obtained  by  successive  application  of  either  the  complete  form 
of  computation  described  in  Section  3.3.3,  or,  if  the  data  are  suitable,  the  for  going  '•? 
shorter  form,  to  a  number  of  narrow  bands  of  frequency.  Some  measurements  have  been 
made  at  one  incidence  (4°)  of  the  variation  with  frequency  of  the  chordwise  correlation, 
and  these  results  are  shown  in  Figure  30  in  the  form  of  correlation  coefficients; 
they  exhibit  a  noticeable  wave-form,  and  further  measurements  with  respect  to  other 
reference  points  would  be  required  to  determine  whether  the  correlation  coefficient 
depends  primarily  on  the  separation  of  the  two  points  in  question  at  all  frequencies, 
as  is  apparently  true  for  the  total  intensity  measurements. 

1:  '  -m  of  this  wave-form,  a  single  spectrum  of  the  correlation  between  two  points 

i  •,  of  1  i  t  ‘  Ve  value;  it  in  clearly  necessary  to  determine  t.hn  manner  in  which  the 
spectrum  varies  with  the  distance  between  the  two  points.  The  complete  definition  of 
the  correlation  function  would  also  appear  to  require  a  claser  spacing  between 
successive  stations  than  would  be  necessary  If  there  were  no  wave-form.  The  results 
given  in  Figure  30,  obtained  in  about  3  days  of  tunnel-running  time,  are  not  suffi¬ 
cient  to  give  even  an  indication  of  the  spectral  density  of  the  fluctuating  normal 
force  on  the  section,  tne  definition  of  which  must  therefore  be  regarded  as  a  lengthy 
process.  As  an  illustration  of  the  difficulties  involved  in  deducing  the  spectra  of 
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normal -fores  fluctuations  from  pressure -fluctuation  measurements,  consider,  for 
example,  the  more  general  case  of  the  wing  shown  in  Figure  25,  with  the  nacelle 
removed  and  with  a  full  set  of  fourteen  chordwlse  rows  of  nine  transducer  stations 
-  126  transducer  positions  in  all.  If  no  simplifying  assumptions  were  permissible, 
the  spectra  of  the  correlations  would  be  required  between  all  pairs  of  these  positions; 
using  the  present  technique,  the  time  taken,  merely  for  the  measurements  -  at  the 
rate  of  three  sets  of  spectra  a  day  for  fifty  five-day  weeks  a  year  -  would  amount 
to  about  10  years  for  each  wing- Incidence.  Though  there  is  little  doubt  that  this 
figure  would  be  considerably  reduced  In  practice  -  permissible  simplifications  would 
be  likely  to  become  apparent  as  the  results  were  collected,  there  Is  also  little 
doubt  that  the  total  intensity  and  spectrum  of  a  fluctuating  load  would  be  much  better 
measured  directly.  On  the  other  hand,  a  limited  application  of  the  procedure  outlined 
here  might  help  to  threw  light  upon  the  causes  of  the  load  fluctuation;  it  is  hoped, 
therefore,  that  the  data  already  collected  will  be  supplemented  sufficiently  to  allow 
the  computation  of  the  spectrum  of  the  fluctuation  of  the  normal  force  on  the  winR 
section,  for  one  or  two  angles  of  Incidence,  in  order  to  Investigate  the  significance 
of  the  periodic  nature  of  the  correlation  function  measured  at  different  frequencies. 

U.3.  2  Unswept  wing  pine  l 

The  effects  of  various  leading-edge  devices,  and  of  plain  and  split  flaps  at  the 
trailtng-edge,  have  been  examined,  using  the  wing  shown  in  Figure  31.  Only  two 
transducers  were  fitted,  at  0.50c  and  0. 85e  as  shewn,  and  the  results  for  the  plain 
wing  are  shown  in  Figure  32;  these  measurements  are  fairly  similar  for  the  two 
chordwise  positions.  The  frequency  at  which  buffeting  might  be  expected  to  occur, 
at  the  approach  speed  of  the  full-scale  aircraft,  corresponds  to  a  value  of  the 
frequency  parameter,  n.  of  about  0.2.  At  such  a  low  value  of  n  the  correlation  might 
be  expected  to  be  fairly  high;  this  is  supported  by  the  solitary  series  of  measure¬ 
ments  plotted  in  Figure  30. 

When  the  intensity  of  the  pressure  fluctuations  shows  a  sharp  rise  with  increasing 
Incidence,  as  it  does  in  this  case  (Fig. 32),  it  is  natural  to  suppose  that  the  onset 
of  buffeting  -  if  it  occurs  -  is  likely  to  be  associated  in  some  way  with  this  sharp 
rise.  It  Is  therefore  suggested  that  the  incidence,  or  more  correctly  the  corres¬ 
ponding  aircraft  CL,  at  which  the  value  of  Vr p ( n ) ,  for  n  -  0.2,  and  x  as  large  as 
practicable  (in  this  case  O.R5c),  has  risen  appreciably  -  to  0.01  say  -  is  likely  to 
be  a  suitable  criterion  with  which  to  establish  the  relative  merits  of  the  various 
leading-edge  de-ices;  according  to  this  standard,  a  plain  nose-flap  of  1TO  chord  was 
found  to  be  ‘.he  most  effective  of  the  devices  tested. 

Wherever  possible,  an  attempt  has  been  made  to  relate  the  fluctuating  pressures  to 
the  mean  flow  field,  which,  for  this  particular  wing  panel,  is  dominated  by  a  leadtng- 
kc  .  ••pural  ,i,r,  which  appears  to  give  rise  t.o  an  approximately  two-dimensional  flow 
of  i  lie  'bubble  '  tipe,  with  reattachment  onto  th<  upper  surface  of  the  wing  up  to  about 
ll'  or  IncMei.r.e  I  see  Figure  31;.  It  is  interesting  to  note  that  while  the  low- 
frequency  fluctuations  reach  their  maximum  intensity  when  the  reattachment  line  lies 
•ilu.-n;  i.he  liai  1  in  •.  -  edge  of  the  sing,  the  sharp  rise  begins  much  sooner  -  at  the 
Incidence  corresponding  to  about  0.3c,  for  the  forward  transducer,  and  0.5c  for  the 
rearward  one.  Divergence  of  the  trail lng-edge  static  pressure,  which  is  often  used 
as  a  criterion  for  the  onset  of  the  type  of  wing-buffet  associated  with  shock- 
induced  separation  of  the  flow  over  the  rearward  part  of  a  wing,  occurs  when  reattach¬ 
ment  reaches  0.8c,  so  corresponding  to  nearly  maximum  intensity  of  the  low-frequency 
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normal -force  fluctuations  from  pressure-fluctuation  measurements,  consider,  for 
example,  the  more  general  case  of  the  wing  shown  In  Figure  25,  with  the  nacelle 
removed  and  with  a  full  set  of  fourteen  chordwise  rows  of  nine  transducer  stations 
126  transducer  positions  In  all.  If^o4sippllfcring_ assumptions jwe re  permissible, 
the  spectra  of  the  correlations  woul'^be ^reWi're^^ tween^a fi!  pf'lrS’ of"  these" pos It lons'f 
using  the  present  technique,  the  time  taken,  merely  for  the  measurements  -  at  the 
rate  of  three  sets  of  spectra  a  day  for  fifty  five-day  weeks  a  year  -  would  amount 
to  about  10  years  for  each  wing-incidence.  Though  there  is  little  doubt  that  this 
figure  would  be  considerably  reduced  in  practice  -  permissible  simplifications  would 
be  likely  to  become  apparent  as  the  results  were  collected,  there  Is  also  little 
doubt  that  the  total  Intensity  and  spectrum  of  a  fluctuating  load  would  be  much  better 
measured  directly.  On  the  other  hand,  a  limited  application  of  the  procedure  outlined 
here  might  help  to  throw  light  upon  the  causes  of  the  load  fluctuation;  it  is  hoped, 
therefore,  that  the  data  already  collected  will  be  supplemented  sufficiently  to  allow 
the  computation  of  the  spectrum  of  the  fluctuation  of  the  normal  force  on  the  wing 
section,  for  one  or  two  angles  of  Incidence,  in  order  to  investigate  the  significance 
of  the  periodic  nature  of  the  correlation  function  measured  at  different  frequencies, 

h ..'1.2  Inswrpt  uing  panel 

The  effects  of  various  leading-edge  devices,  and  of  plain  and  split  flaps  at  the 
trai 1 lng-edge,  have  been  examined,  using  the  wing  shown  in  Figure  31.  Only  two 
transducers  were  fitted,  at  0.50c  and  0,85c  as  shewn,  and  the  results  for  the  plain 
wing  are  shown  in  Figure  32;  these  measurements  are  fairly  similar  for  the  two 
chordwise  positions.  The  frequency  at  which  buffeting  might  be  expected  to  occur, 
at  the  approach  speed  of  the  full-scale  aircraft,  corresponds  to  a  value  of  the 
frequency  parameter,  n,  of  at»out  0.2.  At  such  a  low  value  of  n  the  correlation  might 
be  expected  to  be  fairly  high;  this  Is  supported  by  the  solitary  series  of  measure¬ 
ments  plotted  in  Figure  30. 

When  the  intensity  of  the  pressure  fluctuations  shows  a  sharp  rise  with  increasing 
incidence,  as  it  does  in  this  case  (Fig. 32),  it  is  natural  to  suppose  that  the  onset 
of  buffeting  -  if  it  occurs  -  is  likely  to  be  associated  in  some  way  with  this  sharp 
rise.  It  is  therefore  suggested  that  the  incidence,  or  more  correctly  thp  corres¬ 
ponding  aircraft  C^,  at  which  the  value  of  v'rFfn),  for  n  r  0.2,  and  x  as  large  as 
practicable  (in  thi case  0.85c).  has  risen  appreciably  -  to  0.01  say  -  is  likely  to 
be  a  suitable  criterion  with  which  to  establish  the  relative  merits  of  the  various 
leading-edge  de-  ices;  according  to  this  standard,  a  plain  nose-flap  of  10%  chord  was 
found  to  be  ‘he  most  effective  of  the  devices  tested. 

Wherever  possible,  an  attempt  has  been  made  to  relate  the  fluctuating  pressures  to 
the  mean  flow  field,  which,  for  this  particular  wing  panel,  is  dominated  by  a  leading- 
edge  separation  which  appears  to  give  rise  to  an  approximately  two-dimensional  flow 
of  the  ‘bubble*  type,  with  reattachment  onto  the  upper  surface  of  the  wing  up  to  about 
\  11°  of  incidence  (see  Figure  31).  It  is  interesting  tc.  note  that  while  the  low- 

}  frequency  fluctuations  reach  their  maximum  intensity  when  the  reattachment  line  lies 

along  the  tralling-edge  of  the  wing,  the  sharp  rise  begins  much  sooner  -  at  the 
incidence  corresponding  to  about  0.3c,  for  the  forward  transducer,  and  0,5c  for  the 
rearward  one.  Divergence  of  the  trail ing-epge  static  pressure,  which  is  often  used 
ns  a  criterion  lor  the  onset  of  the  tyix-  of  wing-buffet  associated  with  sliock- 
i  u.inreii  v,«!im  . . it  the  flow  over  the  rearward  part  of  a  wing,  occurs  when  re  attach¬ 

ment  reaches  0.8c,  so  corresponding  to  nearly  maximum  intensity  of  the  low-frequency 
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fluctuations,  rather  than  their  initial  rise;  it  would  seem,  therefore,  that  this 

criterion  is  not  directly  applicable  to  buffeting  associated  with  leading-edge  flow 

separation  at  low  speeds.  , 

; f  ) 

It  seems  likely  that  the  marked  increase  in  intensity  of  the  low-frequency  pres¬ 
sure  fluctuations  as  the  incidence  increases  from  8°  to  10°,  (see  Figure  32b)  is  a 
result  of  the  appearance  of  significant  fluctuations  in  circulation,  associated  with 
intermittent  changes  in  tne  flow  structure;  although  the  near  position  of  reattach¬ 
ment  line  is  still  well  forward  of  the  trail lng-edge  of  the  wing  at  these  incidences, 
its  instantaneous  position  may  approach,  and  perhaps  reach,  the  trailing  edge 
intermittently.  Since  tapped  holes  are  provided  in  both  sides  of  the  type  of  the 
transducer  shown  in  Figure  lb,  either  surface  can  be  connected  to  a  steady  datum 
pressure  by  means  of  a  metal  pipe  leading  to  a  reservoir  outside  the  wind-tunnel; 
the  total  Intensities  of  the  pressure  fluctuations  on  the  tmper  and  lower  surface, 
measured  in  this  way  at  0.85c,  are  compared  in  Figure  33a  with  the  fluctuating 
differentia)  pressures;  it  may  be  noticed  that  the  rise  in  total  intensity  on  the 
lower  surface  with  Increasing  incidence  is  similar  In  form  to  that  shown  hy  the  low- 
(requency  fluctuations  of  the  differential  pressure  in  Figure  32c.  The  spectra  of  the 
lower-surface  and  the  differential  pressure  fluctuations  at  0.85c  and  14°  incidence 
are  compared  In  Figure  33b;  they  show  a  marked  similarity  up  to  n  =  0.5,  the  lower 
surface  intensity  being  about  one  fifth  of  the  corresponding  differential  values  in 
this  range.  Above  n  -  0. 5  the  lower  surface  intensity  falls  off  rapidly  until, 
above  n  -  2.  it  corresponds  to  a  normal  turbulent  boundary-layer  level. 

These  results  all  support  th°  vie*  that  the  large  low-frequency  content  of  the  (  (  ) 

fluctuating  pressure  field,  at  Incidences  above  about  8°.  is  associated  with  fluctua¬ 
tions  in  circulation,  and  that  the  chordwise  correlation  in  this  low-frequency  range 
Is  likely  to  be  high.  It  seems  reasonable  therefore  to  use,  as  a  criterion  for  com¬ 
paring  the  effectiveness  of  modifications,  the  first  rise  with  incidence  of  the 
value  of  knF(n)  at  a  particular  low  frequency,  and  at  a  point  sufficiently  far  back 
along  the  wing  chord  for  most  of  the  wing  surface  to  be  affected  (see  chordwise 
distribution  of  total  intensity  on  a  similar  wing  -  Figure  26). 

4.3..?  panel  *  30°  leading- edge  sweep 

Pressure  fluctuation  measurements  have  been  made  on  the  wing  panel  shown  In  Figure  34. 

Surface  flow  patterns  indicated  leading-edge  flow  separation,  with  reattachment  on  to  the 
upper  surface  of  the  wing,  very  similar  to  that  observed  on  the  unswept  panel  just  des¬ 
cribed.  Three  transducers  were  installed  as  far  back  as  possible  (at  80*  of  the  wing 
chord),  as  shown.  The  variation  with  incidence  of  the  position  of  the  reattachment  line, 
at  the  three  chordwise  sections  containing  the  transducers.  Is  shown  in  Figure  34,  and 
results  of  the  pressure  fluctuation  measurements  in  Figure  35.  It  was  expected  that  the 
critical  full  scale  frequency  range  would  again  correspond  to  a  value  of  n  of  about  0.2, 
and  it  is  suggested  that  the  Incidence  at  which  the  value  of  /nF(n) ,  at  n  =  0.2,  has 
rl3cn  appreciably  for  any  of  the  three  transducers  Is  a  reasonable  criterion  for  com¬ 
paring  the  effectiveness  of  modifications,  as  for  the  unswept  wing  panel.  However,  1 

b**caus»  of  the  wire  shallow  initial  rise  in  the  low-frequency  intensity,  compered  with 
that  on  the  tinsw.-pt  »lng  panel,  the  incidence  at  which  t/nF(n),  at  n  -  0.2.  first, 
reaches  0.02  rattier  than  0.01  would  probably  yield  a  more  reliable  comparison  in 
this  case. 
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4.J.4  Low-asprct -rat  10  highly  wept  wings 

On  wings  of  this  class,  surface  flow  patterns  suggest  that  leading-edge  How 
)  separation  gives  rise  to  the  vortex,  rather  than  the  bubble  type  of  flow;  the 

markedly  three-dimensional  nature  of  the  mean  flow  then  makes  the  choice  of  suitable 
transducer  positions,  and  the  interpretation  of  the  results  from  them,  much  more 
difficult.  However,  some  measurements  have  been  made  on  the  wing  shown  in  Figure  36 
using,  in  the  first  instance,  four  transducers  at  the  positions  Indicated,  but  since 
the  results  obtained  showed  little  relation  to  each  other  at  any  one  Incidence,  a 
traverse  of  the  upper  surface  of  the  wing  was  then  made,  using  a  single  transducer 
fixed  in  the  body  together  with  a  16  in.  length  of  pipe.  The  pipe  ended  in  a  piece 
of  metal  plate,  0.040  in.  thick  and  0.25  in.  square,  which  was  faired  into  the  wing 
surface  with  plasticene,  the  pipe  inlet  being  through  a  flush  hole  drilled  in  the 
centre  of  the  plate;  tests  showed  that  variations  in  fairing  shape  were  unimportant. 
The  traverse  results,  for  n  =  0.2,  showed  excellent  agreement  with  the  corresponding 
results  obtained  with  the  four  transducers  let  Into  the  wing,  although  the  former 
relate,  strictly,  only  to  the  pressure  fluctuations  on  the  upper  surface  of  the  wing, 
while  the  latter  relate  to  the  fluctuations  in  differential  pressure. 

From  the  data  presented  in  Figure  36,  and  corresponding  data  at  other  incidences, 
it  appears  that  the  dominant  pressure  fluctuations  are  confined  to  the  part  of  the 
wing  directly  below  the  vortex.  Very  much  more  data  would  be  required  before  an 
estimate  of  the  fluctuating  normal  force  could  be  made;  though  it  is  possible,  of 
course,  to  estimate  the  maximum  intensity  of  the  normal  force  fluctuation,  at 
)  n  =  0. 2,  consistent  with  the  local  pressure  fluctuation  intensities,  by  assuming 

full  correlation  throughout.  The  mean-square  intensity  of  the  low-frequency  pressure 
fluctuation,  that  is  nF(n)  at  n  =  0.2,  has  been  integrated  over  the  wing  surface  for 
the  data  shcnrn  in  Figure  36.  assuming  unit  correlation,  and  the  result  expressed  as  a 
mean  over  the  whole  wing  area.  The  r.m.s.  intensity  of  this  quantity  Is  n.013  for  the 
case  tllstrated,  and  its  variation  with  incidence  is  shewn  in  Figure  37,  but  unless 
It  can  he  shown  that  the  correlation  is  approximately  constant,  and  independent  of 
both  incidence  and  any  modifications  which  might  be  made,  it  is  difficult  to  see  how 
this,  or  any  other,  simple  function  of  the  data  can  be  regarded  as  a  reliable  criterion 
for  purposes  of  comparison.  The  possibility  of  direct  measurements  of  the  normal-force 
fluctuation  Is  therefore  under  consideration,  as  an  alternative  approach. 

Another  interesting  result  was  obtained  on  a  wing  of  this  class;  this  was  a  delta- 
wing  with  81°  leading-edge  sweep,  in  which  a  single  transducer  was  installed,  for 
preliminary  measurements,  at  75%  of  the  centre-line  chord  behind  the  nose  and  at  70% 
of  the  local  semi-span.  The  results  obtained  are  shown  in  Figure  38;  it  will  be  seen 
that  the  maximum  intensity  recorded  is  lew,  and  even  this  i3  apparently  confined  to  a 
narrow  strip  directly  below  each  vortex,  the  peak  value  of  vnF(n)  for  n  =  0.2  occurring 
when  the  vortex  passes  over  the  transducer  position. 

Further  experiments  have  begun,  with  the  object  of  determining  contours  of  the  low- 
frequency  pressure  fluctuations  on  a  wing  with  60°  leading-edge  sweep;  these  measure¬ 
ments  are  of  particular  Interest,  as  there  is  a  possibility  cf  comparative  full-scale 
data  being  obtained  in  flight.  Preliminary  results  show  levels  of  intensity  under  the 
vortices  of  the  same  order  as  those  measured  on  unswept  wings.  This  is  not  necessarily 
surprising  since  mean-flow  measurements  in  wakes  have  suggested  that  the  vortex  struc¬ 
ture  caused  oy  a  lead  lug -edge  flow  separation  may  change  fairly  abruptly  with  increas¬ 
ing  angle  of  sveep;  at  moderate  angles  of  sweep  the  vortex  cores  appear  to  he  diffuse 
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and  to  exhibit  either  an  instability  or  a  large  scale  turbulent  structure;  at  high 
angles  of  sweep  -  above  70°,  it  is  thought  -  the  vortex  cores  contract  markedly, 
exhibiting  high  velocity  components  and  no  noticeable  instability.  Experiments  are 

continuing  for  the  purpose  of  examining  the  pressure  fluctuations  associated  with  >  ^ 

these  different  types  of  vortex  structure. 

S.  CONCLUDING  REMARKS 

The  technique  described  in  this  paper  has  been  proved,  by  use,  to  be  satisfactory 
for  the  measurement  and  analysis  of  pressure  fluctuations  on  wind-tunnel  models  at 
lo-  speeds  and,  as  indicated  in  Section  3.4.1.  there  is  no  reason  to  suppose  that  the 
additional  difficulties  arising  from  its  use  at  transonic  speeds  -  in  so  far  as  they 
affect  the  design  and  operation  of  the  transducers  and  their  associated  electronic 
equipment  -  cannot  be  overcome.  It  remains  to  be  proved,  however,  that  the  air  flow 
lr  a  transonic  wind  tunnel  can  be  sufficiently  steady  for  useful  results  to  be 
obtained. 

The  applications  of  the  technique  to  the  low-speed  Investigations,  described  in 
some  detail  in  Section  4,  suggest  certain  broad  conclusions  in  respect  of  its  suita¬ 
bility  for  particular  classes  of  problem  and  its  general  limitations.  These  may 
usefully  he  summarised  here: 

(a>  The  technique  is  especially  useful  in  fundamental  research,  since  it  provides 

local  data  in  flow  fields  where  other  techniques  (e.g.  the  hot-wire  anemometer)  •  £ 

cannot  he  used  at  all;  some  progress  has  already  been  made  in  relating  the 

nature  of  the  fluctuating  pressure  field  on  thin  wings  to  the  mean-flow 

structure,  and  further  experiments  (particularly  if  thev  include  correlation 

measurements)  may  be  expected  to  lead  to  a  much  greater  understanding  of  the 

origins  of  the  aerodynamic  excitation  which  causes  the  full-scale  vibration; 

(b)  When  applied  to  specific  cases  of  aircraft-buffet,  the  techniques  described  can 
often  be  used,  with  fair  certainty,  to  predict  the  effectiveness  of  modifica¬ 
tions  designed  to  reduce  the  buffeting; 

(c)  The  approach  is  not,  in  general,  suitable  for  determining  the  resultant  load 
fluctuation  on  a  large  area. 

It  should,  perhaps,  be  emphasized  that  buffeting  is  regarded  as  the  forced  vibra¬ 
tion  of  an  aircraft  structure,  and  that  the  present  technique  is  intended  solely  for 
examination  of  the  aerodynamic  forcing  excitation.  However,  the  level  of  vibration 
to  which  the  structure  will  be  subjected  depends  also  upon  the  aerodynamic  and  struc¬ 
tural  damping,  so  that  knowledge  only  of  the  excitation  cannot  be  expected,  in 
general,  to  provide  a  sufficient  Indication  of  the  onset  of  buffeting.  This  limita¬ 
tion  must  also  be  shared,  to  some  extent,  by  all  other  techniques  which  aim  at 

measuring  aerodynamic  excitation  on  rigid  models,  such  as  load  or  moment  measure-  <  f 

^ments,  and  it  would  appear  that  it  is  not  completely  overcome  by  techniques  involving 
thV  measurement  of  vibration  levels  on  dynamic  models.  These  involve  all  the  problems 
enr wintered  In  wind-tunnel  flutter  experiments,  with  the  additional  difficulties  that 
there  would  be  no  precisely  defined  critical  vibration,  comparable  to  the  self-excited 
flutter  oscillation,  and  that,  even  if  an  accurate  allowance  could  be  made  for  differences 
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between  the  model  and  full-scale  aerodynamic  and  structural  damping,  the  tolerable 
level  of  vibration,  full-scale,  is  not  likely  to  be  known. 


On  the  other  hand,  it  may  often  be  assumed  that  the  onset  of  buffet,  should  it 
occur,  is  likely  to  be  sharply  defined.  A  sharply  defined  change  in  the  intensity 
and  scale  of  the  aerodynamic  excitation  might  then  be  taken  to  indicate  that  the 
likelihood  of  buffeting  exists  and,  to  this  extent,  to  provide  a  comparative  criterion 
-  that  is  to  say,  a  criterion  which  may  be  used  in  comparing  different  curve:?  of  the 
same  type.  It  is  in  this  sense  that  the  present  technique  has  been  used  for  the 
prediction  of  the  effectiveness  of  modificat.ionsdesigned  to  reduce  buffeting. 
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Fin. 10  Effect  of  a  bandwidth  on  a  spectrum  of  pressure  fluctuations  on  the  upper 

surface  of  a  highly  swept  wing 
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Pressure  fluctuations  on  a  wine  in  two  wind  tunnels  (see  Section  3.2) 
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Fig.  17  ’Exploded’  sections  of  a  prototy;**  transducer  for  the  measurement  of  high 

frequency  pressure  fluctuations 


(b)  6  ~  90° 


Fig. 21  Fluctuating  and  static  pressure  distributions  on  a  body  surface  due  to  an 

air-brake 

Contours  and  projected  brake  area  shown  on  developed  body  surface 
Indicates  points  at  which  spectra  have  been  measured 
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(b)  Q  ~  go0 

F'in.22  Pressure  fluctuation  .^ectra  measured  at  points  indicated  in  Figure  21 

x  -  distance  of  pressure  transducer  behind  brake  hinge- line 
V  distance  of  pressure  t.-ansducer  from  ^  measured  round  body  surface 
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Pig. 28  Smoothed  chordwise  variation  of  correlation  function  on  wing  shown  in 

Figure  25.  Nacelle  on 

r  distance  apart,  of  measuring  points,  c  =  wing  chord 


Fig.  2D  Variation  of  section  no  rrnal- force  fluctuation  on  wing  shown  in  Figure  25. 

Nacelle  on 


.30  Chordwise  variation  of  correlation  coefficient  on  wine  shown  in  Figure  25. 

Nacelle  on.  Wing  incidence  4° 

x  -  0.8c,  c  =  wing  chord 
x  arid  x '  measured  from  the  wing  leading-edge 
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(a)  Model  details 

The  three  transducer  positions  shown  thus  £  are  at  0.80c 


>n  of  attachment  point  at  spanwise  positions  of  pressure  transducers 


t 


< 


Fix. 34 


r.harp-edfied  wing  with  :?0C  leadinK  edg.e  sweep 


5? 


(a)  r.m. pressure  fluctuation  at  the  three  transducer  positions 


(b)  Spectra  of  pressure  fluctuations  at  middle  transducer  position 


(c)  'Low -frequency  component’  of  pressure  fluctuations  at  the  three  transducer  positions 

Pig. 35  Pressure  fluctuation  measurements  on  a  sharp-edged  wing  with  30°  leading  edge 

sweep  as  shown  in  Figure  34 


c  =  wing  mean  chord 


*7  Variation  of  r.m.s.  upper-surface  value  of  vnF'n)  at  n  -  0.2  with  incidence 
the  sharp-edged  wine  shown  in  Figure  36,  assuming  a  correlation  coefficient  of 

1.0  throughout 
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